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S‐3 
SUMMARY 
Globally,  pollution  caused  by  the  industrial  progress  is  triggering  an  increasing 
environmental and health concern. The rapid industrialization has resulted in the depletion of 
natural  resources  and  has  caused  an  adverse  impact  on  ecosystems. Nowadays,  there  is  a 
growing  interest  in the effect of hazardous wastes generated from  industrial processes, since 
these  complex  mixtures  have  been  identified  on  soil‐water  environment  as  common 
contaminants.  
The presence of pollutants with a recalcitrant nature  in the environment has promoted 
an intense research effort focused on the development of more effective technologies for the 
remediation  of  contaminated  industrial  locations  and  effluents.  These methods  have  been 
classified  in  three  main  categories:  physical  (volatilization,  photolysis,  adsorption, 
electroremediation  and  filtration),  chemical  (chemical  oxidation,  photocatalysis  and 
coagulation‐flocculation)  and  biological  (biosorption  or  biodegradation),  the  latter  being 
generally  considered more  environmentally  sustainable  and  having  a  rather  positive  social 
image. 
The option to use the umbrella of microbial agents for the treatment of water and soil 
pollutants  will  permit  their  removal  by  using  the  pathways  designed  by  nature  for  the 
metabolism of living beings. To attain successful outcomes, it is essential to bear in mind: i) the 
number and type of microorganisms used (bacteria or fungi),  ii) the nature and the chemical 
structure of the pollutant and iii) the environmental conditions.  
The purpose of this thesis is based on two basic pillars: to generate new knowledge and 
to be a win‐win situation for both theoreticians and practitioners. Therefore, the exploration 
and exploitation of novel bacterial  species with  competitive biodegradation ability,  together 
with  the  implementation of a  remediation process at bioreactor scale, will be  the  functional 
axis of the present research work.  
The global and integrated character of this thesis is summarised in Figure S1. 
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RESUMEN 
A nivel mundial,  la  contaminación  causada por el progreso  industrial está provocando 
una creciente preocupación por el medio ambiente y la salud. El desarrollo industrial rápido e 
incontrolado,  en  paralelo  al  agotamiento  de  los  recursos  naturales,  ha  causado  efectos 
adversos en  los ecosistemas y  la consiguiente degradación del medio ambiente. Hoy en día, 
hay un  interés creciente sobre el efecto medioambiental (ya sea en agua, atmósfera o suelo) 
de los desechos peligrosos generados en los procesos industriales. 
La presencia de  contaminantes de naturaleza  recalcitrante en el medio ambiente está 
siendo  objeto  de  un  intenso  esfuerzo  investigador  para  lograr  métodos  efectivos  de 
tratamiento,  desarrollando  tecnologías  más  eficaces  para  el  saneamiento  de  lugares 
contaminados y de efluentes industriales. Estos métodos se han clasificado principalmente en 
tres  categorías:  física  (volatilización,  fotolisis,  la  adsorción,  electrorremediación,  filtración), 
química (oxidación química,  la fotocatálisis, coagulación‐floculación) y biológica (bioadsorción 
o biodegradación), siendo esta última la que concita una mayor aceptación social y un menor 
impacto medioambiental. 
La opción de utilizar agentes microbianos para el tratamiento de  los contaminantes del 
agua y del suelo permitirá su eliminación mediante  las vías diseñadas por  la naturaleza en el 
metabolismo de los seres vivos. Para lograr resultados exitosos, es esencial tener en cuenta: i) 
el  número  y  tipo  de  microorganismos  utilizados  (bacterias  u  hongos),  ii)  la  estructura  y 
naturaleza química del contaminante y iii) las condiciones ambientales. 
La motivación  que  inspira  esta  tesis  se  basa  en  dos  pilares  básicos:  la  generación  de 
nuevo conocimiento teórico‐práctico así como la exploración y explotación de nuevas especies 
bacterianas con óptima capacidad de biodegradación que permita implementar un proceso de 
remediación a escala biorreactor. 
La estructura general de la tesis se muestra de forma resumida en la Figura R1. 
En  el  capítulo  6,  se  presenta  un  breve  resumen  de  la  tesis  así  como  las  principales 
conclusiones obtenidas a lo largo de su desarrollo, si bien se irán detallando a lo largo de cada 
capítulo de forma particular. 
Finalmente,  en  el  capítulo  7,  se  presenta  la  calidad  científica  de  los  artículos  que 
componen esta tesis, basada en el ranking disponible en el portal ISI Web of knowledge. 
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1.1 CONTAMINACIÓN AMBIENTAL 
En  los últimos años, el desarrollo de  la actividad  industrial ha conllevado  la emisión al 
entorno  de  una  ingente  cantidad  de  contaminantes,  provocando  graves  episodios  de 
contaminación  ambiental  sobre  el  aire,  agua  y  suelo.  Si  bien  tradicionalmente  la 
contaminación  se ha  estudiado desde  el punto de  vista de  estos  tres  elementos  típicos,  es 
necesario  destacar  que  esta  división  es  meramente  teórica,  ya  que  la  mayoría  de  los 
contaminantes  interactúan  con más  de  uno  de  los  elementos.  Es  frecuente  que  todos  los 
contaminantes  acaben  en  el  curso  de  las  aguas,  ya  sea  por  deposición  atmosférica  o  por 
escorrentía (Herrygers et al., 2000; Orozco et al., 2003; Sanz, 2005; Arun & Eyini, 2011). 
Si bien, a  lo  largo del desarrollo de esta  tesis  se hará uso del  término  contaminación, 
conviene  definir  el  significado  de  esta  terminología,  tal  y  como  ya  recogían  algunas 
definiciones dadas por organismos internacionales en los años 60:  
“Un agua está contaminada cuando se ve alterada en su composición o estado, directa o 
indirectamente,  como  consecuencia de  la actividad humana, de  tal modo que quede menos 
apta  para  uno  o  todos  los  usos  a  que  va  destinada,  para  los  que  sería  apta  en  su  calidad 
natural” (CEE de las Naciones Unidas, 1961). 
“La contaminación consiste en una modificación, generalmente de origen antropogénico, 
de la calidad del agua, haciéndola impropia o peligrosa para el consumo humano, la industria, 
la agricultura, la pesca y las actividades recreativas, así como para los animales domésticos y la 
vida natural” (Carta del Agua Consejo de Europa, 1968). 
A partir de estas definiciones  se puede concluir que  la contaminación de define como 
aquella alteración provocada de  forma directa o  indirecta por  la actividad humana y supone 
una degradación del entorno y una modificación del ciclo natural del agua. Su influencia sobre 
el transcurro natural del ciclo, en cuanto al uso del agua se refiere, ya sea industrial, comercial, 
agrícola o urbana y su posterior vertido, pone de manifiesto dos hechos: 
 la contaminación es un problema que puede extenderse de unas zonas a otras, bien 
sea de aguas superficiales a aguas subterráneas, o bien de aguas fluviales a aguas marinas 
  existe una estrecha relación entre  los problemas de contaminación atmosférica y del 
suelo  con  los  de  contaminación  de  las  aguas  tal  y  como  se  señalaba  al  principio  de  este 
apartado y se esquematiza en la siguiente figura (Figura 1.1). 
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Figura 1.1: Esquema vertidos industriales 
(http://www.magrama.gob.es/es/agua/temas/concesiones‐y‐autorizaciones/vertidos‐de‐aguas‐
residuales/tipos‐vertidos/). 
 
Entre los diversos tipos de deterioro del medio ambiente, la contaminación de las aguas 
es  uno  de  los  problemas  que más  preocupación  causa  en  la  actualidad.  Esta  problemática 
origina  la muerte de más de 10 millones de personas en  todo el mundo  cada año  (Fulekar, 
2010). 
La alteración de la calidad de las aguas por la acción del hombre se puede resumir en las 
siguientes actividades: 
 agrícolas y ganaderas,  las cuales pueden contaminar tanto  las aguas de  los ríos como 
las  de  los  acuíferos,  debido  al  vertido  de  aguas  cargadas  de  residuos  procedentes  de  las 
labores de transformación de productos vegetales y/o de los excrementos de los animales. 
 industriales de muy diversa índole tales como la industria papelera, textil y siderúrgica, 
entre otras. Esta problemática se manifiesta porque todas ellas necesitan grandes cantidades 
de agua para el  correcto desarrollo de  su actividad. Por  lo  tanto, en  caso de un  sistema de 
depuración insuficiente o defectuoso, o si el tratamiento que reciben los efluentes antes de su 
descarga no es el más adecuado, se puede provocar el vertido de aguas residuales cargadas de 
materia orgánica, metales y aceites industriales principalmente. 
A  tenor  de  lo  expuesto,  es  evidente  la  importancia  de  considerar  que  cada  actividad 
industrial  aporta  una  contaminación  determinada  y  que  en  cualquier  caso  siempre  nos 
Chapter 1 
1‐5 
encontramos con el mismo problema: el número de posibles agentes contaminantes es muy 
elevado. 
De  acuerdo  con  esta  problemática,  sería  conveniente  intentar  conocer  el  origen  del 
vertido industrial para determinar el tipo de tratamiento más adecuado que se le debe aplicar. 
Si  bien  normalmente  cada  tipo  de  vertido  suele  caracterizarse  por  unos  parámetros 
característicos o parámetros  sustitutos  (que engloban una  serie de  compuestos de  similares 
características,  como  puede  ser  la  medida  del  oxígeno  disuelto)  e  indicadores  de 
contaminación (aquellos que dan  información sobre  la presencia o ausencia de determinadas 
especies de contaminantes, como por ejemplo el color). No obstante, es evidente la dificultad 
existente para establecer los niveles de referencia de cada contaminante en cada tipología de 
aguas residuales, por  lo que a continuación se apuntan  los valores determinantes de algunos 
sectores  industriales  que  se  deben  considerar  a  la  hora  de  plantear  un  tratamiento  de  sus 
efluentes (Orozco et al., 2003): 
 Industrias de acabado de metales y siderurgias comúnmente denominadas  industrias 
de superficies. Los parámetros característicos en este  tipo de procesos hacen referencia a  la 
presencia de metales pesados como níquel, cinc, cobre, cromo, cadmio, etc. También hay que 
destacar el elevado contenido en cianuros,  fluoruros, disolventes orgánicos, aceites y grasas, 
sólidos  en  suspensión,  Carbono  Orgánico  Total  (COT),  Demanda  Química  y  Biológica  de 
Oxígeno (DQO y DBO5 respectivamente). 
 Industrias textiles y de curtidos. Los efluentes de este tipo de procesos productivos se 
caracterizan por su gran diversidad. En general, sales orgánicas y tintes. 
Asimismo, cabe destacar la existencia de los llamados contaminantes específicos, que se 
definen  como microcontaminantes  o  contaminantes minoritarios,  ya  que  se  encuentran  en 
cantidades muy bajas  (niveles de ppm o ppb). A pesar de ello, poseen un efecto altamente 
perjudicial, dado que pueden difundir al agua  características  tóxicas  totalmente  indeseables 
desde  un  punto  de  vista  ecológico  y  sanitario.  Ejemplos  representativos  de  este  tipo  de 
compuestos  son:  los  pesticidas  (origen  agrario),  derivados  halogenados  o  fosforados  de 
hidrocarburos  y  compuestos  orgánicos  recalcitrantes  tales  como  Hidrocarburos  Aromáticos 
Policíclicos (HAPs) (de origen típicamente industrial) (Orozco et al., 2003; Khanna et al., 2011). 
Para  una  correcta  evaluación  de  los  riesgos  potenciales  ocasionados  debidos  a  los 
contaminantes específicos es importante tener conocimiento de aspectos tales como el tipo y 
estructura  del  compuesto  químico  o  las  propiedades  físicas  y químicas  fundamentales  para 
predecir su biodegradabilidad (Khanna et al., 2011; Arun & Eyini, 2011). 
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Figura 1.2: Ejemplos de diferentes actividades industriales que provocan impactos considerables 
en el entorno. 
 
En  resumen,  y  con  el  fin  de  evitar  los  problemas  que  pueden  causar  un  defectuoso 
sistema de depuración de  las aguas  residuales existen numerosas alternativas  (se explicarán 
con más detalle en el apartado 1.3 de este  capítulo) que  se utilizan para disminuir  la  carga 
contaminante  y  cumplir  la  actual  normativa  vigente  en  España  (de  la  cual  se  presenta  un 
resumen en el siguiente apartado 1.2), en  lo que a  la depuración de aguas  residuales,  tanto 
agrícolas como industriales se refiere (Fulekar, 2010). 
A  tenor  de  lo  expuesto  se  hace  evidente  la  necesidad  de  adoptar  soluciones 
permanentes a  largo plazo, no  solo en  los países  industrializados para  intentar  remediar  los 
graves episodios de contaminación, sino también acciones preventivas en aquellos en vías de 
desarrollo.  En  este  sentido,  una  correcta  protección  del  medio  ambiente  requiere  de  la 
adopción de protocolos de buenas prácticas que conlleven un mínimo consumo de recursos y 
un máximo nivel de reciclado. 
 
1.2 MARCO LEGAL 
El importante deterioro medioambiental de los recursos hídricos se debe principalmente 
al creciente desarrollo humano asociado a una deficiente gestión de los residuos producidos, a 
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algunos episodios naturales como sequías prolongadas e inundaciones y, en definitiva y como 
causa principal, a la sobreexplotación de los recursos hídricos. Esta problemática ha provocado 
un  cambio  en  el  planteamiento  de  la  política  de  gestión  de  aguas,  que  ha  tenido  que 
evolucionar desde una  simple  satisfacción de  la demanda, hasta una gestión que contempla 
tanto  la  calidad  del  recurso  como  la  protección  del mismo,  garantizando  el  abastecimiento 
futuro y el desarrollo sostenible. 
La mayor  conciencia  social  de  la  problemática  asociada  a  la  calidad  y  gestión  de  los 
recursos hídricos se hizo patente en  la cumbre de  Johannesburgo  (2002), donde se concluyó  
que  el  agua  es  un  bien  escaso,  y  se  plantea  la  necesidad  de  asegurar  su  suministro  y 
saneamiento a la mayor parte de la población en la sociedad del siglo XXI. 
En  este  sentido,  la  Directiva  2000/60/CE,  conocida  como  Directiva  Marco  del  Agua 
(DMA) es una norma básica para  la gestión racional del agua en  la Unión Europea, que tiene 
como objetivos fundamentales: 
• Promover un uso sostenible del agua. 
•  Alcanzar  el  “buen  estado”  de  todas  las  masas  de  aguas  costeras,  de  transición  y 
continentales (superficiales, ríos y lagos, y subterráneas). 
• Prevención del deterioro, protección y mejora de los ecosistemas acuáticos. 
• Reducir los efectos de inundaciones y sequías. 
• Establecer medidas para la reducción de vertidos. 
• Disminuir la contaminación de las aguas subterráneas. 
 
A  través de esta norma queda  reflejado que el objetivo primordial es  la ordenación y 
gestión de los recursos hídricos, ya que el agua es el motor de desarrollo y la fuente de riqueza 
para la supervivencia y progreso del hombre. 
Junto  con  la  DMA,  en  lo  referente  al  estado  de  las  masas  de  agua  y  al  control  de 
sustancias  peligrosas,  aparecen  dos  normativas  importantes  a  tener  en  cuenta  como,  la 
Directiva 2008/105/CE, relativa a normas de calidad ambiental en el ámbito de  la política de 
aguas  y  la  ORDEN  MAM/85/2008  por  la  que  se  establecen  los  criterios  técnicos  para  la 
valoración de  los daños al dominio público hidráulico y  las normas sobre toma de muestras y 
análisis de vertidos de aguas residuales. 
Asimismo, cabe destacar que existen numerosas regulaciones y normativas (nacionales, 
autonómicas  y  municipales)  que  imponen  un  control  de  emisiones  encaminado  a  la 
preservación  del  cada  vez  más  degradado  medio  ambiente,  tal  y  como  se  resume  en  las 
siguientes tablas (Tabla 1.1 y Tabla 1.2). 
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Tabla 1.1: Legislación europea relativa a aguas y su transposición a la normativa nacional. 
 
 
 
 
 
LEGISLACIÓN EUROPEA  LEGISLACIÓN NACIONAL 
DIRECTIVA  76/464/CEE,  del  4  de  mayo  1976,  relativa  a  la 
polución causada por sustancias peligrosas vertidas al medio 
acuático 
REAL  DECRETO  849/1986,  de  11  de  abril,  por  el  que  se 
aprueba  el  Reglamento  del  Dominio  Público  Hidráulico  que 
desarrolla  los  títulos preliminares  I,  IV, V, VI; y VII de  la  Ley 
28/1985 de aguas 
ORDEN DEL MINISTERIO DE OBRAS PÙBLICAS Y URBANISMO 
de  23  de  diciembre  de  1986,  por  el  que  se  dictan  normas 
complementarias  en  relación  con  las  autorizaciones  de 
vertidos de aguas residuales 
DIRECTIVA 80/68/CEE, del 17 de diciembre de 1980, relativa a 
la  protección  de  las  aguas  subterráneas  contra  la  polución 
causada por ciertas sustancias peligrosas 
REAL  DECRETO  Legislativo  1302/1986,  de  26  de  junio,  de 
Evaluación de impacto ambiental 
DDIRECTIVA    85/337/CEE,  de  junio  de  1985,  relativa  a  la 
evaluación  de  las  repercusiones  de  determinados  proyectos 
públicos y privados sobre el medio ambiente 
REAL DECRETO Legislativo 1302/1986, de 26 de junio 
DIRECTIVA 86/280/CEE, de 12 de  junio de 1986, relativa a  los 
valores  límite y a  los objetivos de  la calidad para  los residuos 
de  determinadas  sustancias  peligrosas  comprendidas  en  la 
lista I del Anexo de la Directiva 76/464/CEE 
DIRECTIVA 88/347/CEE, de16 de  junio de 1988, por  la que se 
modifica el Anexo II de la Directiva 86/280/CEE 
ORDEN DE  12 DE NOVIEMBRE DE  1987 Normas  de  emisión, 
objetivos  de  calidad  y  métodos  de  referencia  relativos  a 
determinadas  sustancias  nocivas  o  peligrosas  contenidas  en 
los vertidos de aguas residuales 
DIRECTIVA  91/271/CEE  de  21  de  mayo  de  1991,  sobre  el 
tratamiento de las aguas residuales urbanas 
DIRECTIVA 98/15/CEE,   de 27 de febrero de 1998, por  la que 
se  modifica  la  Directiva  91/271/CEE,  de  21  de  mayo,  del 
Consejo  en  relación  a  determinados  requisitos  establecidos 
en  su  anexo  I  sobre  el  tratamiento  de  las  aguas  residuales 
urbanas 
REAL DECRETO Ley 11/1995 de 28 de diciembre, por el que se 
establecen  las normas aplicables al  tratamiento de  las aguas 
residuales urbanas 
REAL DECRETO 509/1996 de 15 de marzo de desarrollo del RD 
Ley 11/1995 
REAL  DECRETO  2116/1998  de  2  de  octubre  por  el  que  se 
modifica el RD 509/1996 
DIRECTIVA 91/676/CEE de 12 de diciembre de 1991, relativa a 
la protección de las aguas contra la contaminación producida 
por nitratos utilizados en la agricultura 
REAL DECRETO 261/1996 de 16 de febrero de 1996,  sobre la 
protección das aguas contra  la contaminación producida por 
nitratos procedentes de fuentes agrarias 
DIRECTIVA  2006/118/CEE  de  12  de  diciembre  de  2006, 
relativa  a  la  protección  de  las  aguas  subterráneas  contra  la 
contaminación y el deterioro 
REAL  DECRETO  1514/2009  de  2  de  octubre  por  el  que  se 
regula  la  protección  de  las  aguas  subterráneas  contra  la 
contaminación y el deterioro 
DIRECTIVA  2002/61/CEE DEL  PARLAMENTO  EUROPEO  Y DEL 
CONSEJO, por  la que  se modifica  la Directiva 76/769/CEE,  y 
limita la comercialización y el uso de determinadas sustancias 
y preparados peligrosos (colorantes azoicos) en textiles 
Sin transposición 
DIRECTIVA  2008/105/CEE,  relativa  a  las  normas  de  calidad 
ambiental  en  el  ámbito  de  la  política  de  aguas. Modifica  o 
deroga  las  siguientes DIRECTIVAS: 82/176/CEE,   85/513/CEE, 
84/156/CEE, 84/491/CEE, 86/280CEE. 
Sin transposición 
DIRECTIVA  2008/56/CEE  de  17  de  junio  por  la  que  se 
establece un marco de acción comunitaria para la política del 
medio marino (Directiva Marco sobre la estrategia marina, en 
desarrollo) 
Sin transposición 
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Tabla 1.2: Legislación ambiental a nivel nacional y autonómico. 
LEGISLACIÓN NACIONAL    LEGISLACIÓN AUTONÓMICA 
REAL DECRETO  995/2000,  de  2  de  junio,  por  el  que  se 
fijan  objetivos  de  calidad  para  determinadas  sustancias 
contaminantes y  se modifica el Reglamento de Dominio 
Público  Hidráulico,  aprobado  por  el  Real  Decreto 
849/1986 
 
DECRETO 8/1999, de 21 de enero, por el que se aprueba 
el Reglamento de Desarrollo Legislativo del Capítulo IV de 
la  Ley  8/1993,  reguladora  de  la  Administración 
Hidráulica, relativo al. Canon de Saneamiento 
REAL DECRETO LEGISLATIVO 1/2001de 20 de julio, por el 
que se aprueba el texto refundido de la Ley de Aguas   
ORDEN de 3 de marzo de 1999, por  la que se aprueban 
determinados modelos a los que se refiere el reglamento 
de desarrollo  legislativo del capítulo  IV de  la  ley 8/1993, 
reguladora  de  la  administración  hidráulica,  relativo  al 
canon de saneamiento 
REAL DECRETO 606/2003, de 23 de mayo, por el que se 
modifica el Real Decreto 849/1986, por el que se aprueba 
el  Reglamento  del  Dominio  Público  Hidráulico  ,  que 
desarrolla los Títulos Preliminar I, IV, V, VI y VIII de la Ley 
29/1985, de 2 de agosto, de Aguas 
 
DECRETO  265/2000,  de  26  de  octubre,  por  el  que  se 
modifica el Decreto 8/1999, de 21 de enero, por el que se 
aprueba  el  Reglamento  de  Desarrollo  Legislativo  del 
Capítulo  IV  de  la  Ley  8/1993,  reguladora  de  la 
Administración  Hidráulica,  relativo  al  Canon  de 
Saneamiento
REAL  DECRETO  907/2007,  de  6  de  julio  polo  que  se 
aprueba el Reglamento da Planificación Hidrológica   
LEY 8/2001, de 2 de agosto, de protección de calidad de 
las  aguas  de  las  rías  de  Galicia  y  de  ordenación  del 
servicio  del  servicio  público  de  depuración  de  aguas 
residuales urbanas 
REAL DECRETO 1620/2007,de 7 de diciembre, por el que 
se  establece  el  régimen  jurídico  de  la  utilización  de  las 
aguas depuradas   
RESOLUCIÓN de 9 de octubre de 2001 por  la que  se da 
publicidad a  la conversión a euros de  las tarifas vigentes 
del canon de saneamiento
REAL  DECRETO  9/2008,  de  11  de  enero,  por  el  que  se 
modifica  el  Reglamento  de  Dominio  Público  Hidráulico, 
aprobado por el Real Decreto 849/1986 
  LEY 9/2010, do 4 de noviembre, de aguas de Galicia 
REAL  DECRETO  2090/2008,  de  22  de  diciembre,  por  el 
que se aprueba el Reglamento de desarrollo parcial de la 
Ley  26/2007,  de  23  de  octubre  de  Responsabilidad 
Ambiental 
  Sin transposición 
ORDEN ARM/1312/2009, de 20 de mayo, por  la que  se 
regulan  los  sistemas para  realizar el  control efectivo de 
los  volúmenes  de  agua  utilizados  por  los 
aprovechamientos de agua de dominio público hidráulico 
y de los vertidos al mismo 
  Sin transposición 
 
Dado que a lo largo de esta tesis se tratarán efluentes contaminados con muy diferentes 
tipos de contaminantes, en el desarrollo de cada uno de ellos se hará hincapié en la legislación 
aplicable para cada caso. 
 
1.3 TECNOLOGÍAS DE REMEDIACIÓN: BIORREMEDIACIÓN 
Los métodos de eliminación de contaminantes pueden clasificarse según el tratamiento 
que  se  lleve a cabo en  la  zona contaminada o en otro  lugar mediante el  traslado del  suelo, 
residuo o efluente a  remediar. De este modo, hablaremos de  tratamientos  in  situ y ex  situ, 
respectivamente. A su vez, estas dos categorías se pueden dividir en procesos físico‐químicos o 
biológicos, tal como se esquematiza en Figura 1.3. 
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 Los métodos físico‐químicos se basan en procesos de adsorción o de desorción de los 
contaminantes mediante el empleo de sustancias que favorecen estos procesos, o bien en el 
uso de distintos tipos de agentes oxidantes. 
 La eliminación de  la carga contaminante mediante métodos biológicos se  realiza por 
medio  de  organismos  vivos  que  pueden  degradar  estos  compuestos  por  vía  aeróbica  o 
anaeróbica, dependiendo de sus metabolismos. 
 
Figura 1.3: Métodos comúnmente empleados para la remediación de enclaves y efluentes contaminados. 
 
En  general,  los  métodos  biológicos  son  aquellos  tratamientos  de  recuperación  que 
degradan  contaminantes  orgánicos  o  disminuyen  la  toxicidad  de  otros  contaminantes 
inorgánicos (p.ej. metales tóxicos) a través de la actividad biológica natural, principalmente la 
de los microorganismos, mediante reacciones que forman parte de sus procesos metabólicos. 
Esta  estrategia  de  remediación  constituye  una  de  las  alternativas  más  competitivas  y 
medioambientalmente  sostenibles  utilizadas  en  la  actualidad  para  la  eliminación  de 
compuestos contaminantes persistentes, cuyas ventajas se esquematizan en  la Figura 1.4. En 
este  sentido,  y  considerando  los  nuevos  conceptos  que  se  acaban  de  introducir,  la 
biorremediación se define como aquella tecnología que utiliza el potencial metabólico de  los 
microorganismos,  especialmente  su  capacidad  para  biodegradar  total  o  parcialmente  una 
amplia  gama  de  compuestos,  con  el  objetivo  de  limpiar  áreas  contaminadas.  La  relativa 
simplicidad estructural de  los microorganismos, que hace posible su extraordinaria capacidad 
de adaptación a hábitats de muy diversa índole, ha sido utilizada para gestionar y tratar tanto 
residuos biodegradables como aguas residuales a lo largo del tiempo (Wackett & Hershberger, 
2001; Debarati et al., 2005; Alexander, 1995). 
Oxidaciòn
Fotocatálisis
Coagulación‐floculación
Métodos Remediación
Volatilización
Fotolisis
Adsorción
Electroremediación
Filtración
Físicos
Químicos
Biosorción
Biodegradation
Biológicos
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Figura 1.4: Ventajas e inconvenientes de los métodos físicos, químicos y biológicos de remediación 
de contaminantes. 
 
En esta tesis se abordarán en profundidad distintos biotratamientos, que tendrán como 
principal  objetivo  la  biorremediación  de  efluentes  contaminados  de  diferentes  orígenes 
agroindustriales.  La  necesidad  de  afrontar  este  reto  mediante  esta  tecnología 
medioambientalmente sostenible se fundamenta en su alto rendimiento en la degradación de 
los contaminantes asociado con un bajo coste de aplicación. 
Esta estrategia de degradación se basa por tanto, en el proceso metabólico microbiano 
de  los contaminantes para su transformación en sustancias más simples, pudiendo  llegar a  la 
mineralización o transformación total en dióxido de carbono y agua, tal como se  ilustra en  la 
Figura 1.5. 
 
Figura 1.5: Esquema general de las actividades microbianas durante la biorremediación 
(adaptación de Sánchez & Gallego 2005, y Fulekar, 2010). 
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•Rapidez
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El éxito de cualquier proceso de biorremediación va a estar condicionado por una serie 
de factores clave como son: 
  Biodegradabilidad  del  contaminante.  Esta  característica  está  condicionada  por  la 
estructura del compuesto a degradar; de este modo,  las estructuras ramificadas y  los anillos 
aromáticos  son  más  difíciles  de  metabolizar  que  las  estructuras  lineales,  al  producirse 
impedimentos estéricos. Por el contrario,  tradicionalmente se considera que  los compuestos 
que  contienen  nitrógeno  o  azufre  suelen  ser más  fácilmente  biodegradables,  ya  que  estos 
elementos son fácilmente asimilados como fuente de nutrientes esenciales en el metabolismo 
microbiano (Alexander, 1995; Providenti et al., 1993; Knapp & Bromley‐Challoner, 2003). 
  Microorganismos.  A  la  hora  de  diseñar  cualquier  estrategia  de  biorremediación  se 
plantea  la  utilización  de  flora  microbiana  autóctona  o  alóctona.  Los  microorganismos 
autóctonos son propios de un determinado ecosistema, independientemente de que lleguen al 
suelo determinados nutrientes externos. Por el  contrario,  los microorganismos  alóctonos  (o 
zimógenos)  son,  hasta  cierto  punto  extraños  al  ecosistema  en  cuestión,  y  se  presentan 
únicamente  de  forma  transitoria  como  consecuencia  de  un  incremento  ocasional  de  la 
concentración de nutrientes. 
Disponibilidad  del  contaminante.  Para  que  pueda  producirse  la  degradación  de  un 
compuesto  es necesario que  interaccione  con  las  células de  los microorganismos  en medio 
acuoso, de  lo que se deduce  la  importancia de  la existencia de una cantidad mínima de agua 
que  favorezca  el  contacto  entre  ambos.  A  menudo,  la  naturaleza  hidrofóbica  de  muchos 
contaminantes, como hidrocarburos aromáticos policíclicos (HAPs), policlorobifenilos (PCBs) o 
pesticidas, que  tienden a adsorberse a  la  fracción orgánica del  suelo,  juega en contra de  su 
adecuada solubilización. 
  Naturaleza y condiciones del medio contaminado. La eficiencia de  la biorremediación 
viene marcada por 3 factores estratégicos, que se detallan a continuación: 
a) la temperatura va a tener un papel relevante en la solubilidad de los contaminantes y 
del  oxígeno,  afectando  tanto  a  las  tasas  metabólicas  como  al  estado  físico  del 
contaminante. 
b) el pH, generalmente entre 6 y 8, también va a ser otro parámetro clave. En ocasiones, 
es  conveniente  ajustar  el  pH  de  los  lugares  contaminados mediante  la  adición  de 
agentes correctores como la cal (Alexander, 1995). Por ejemplo, en zonas industriales 
abandonadas,  la  lixiviación  de  los  escombros  conlleva  un  aumento  del  pH,  y  por 
consiguiente,  un  alejamiento  de  las  condiciones  favorables  para  el  metabolismo 
microbiano.  Por  el  contrario,  la  oxidación  de  metales  en  depósitos  mineros  crea 
ambientes ácidos, que impiden un proceso de remediación eficiente. 
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c) la  presencia  de  aceptores  de  electrones,  tales  como  oxígeno,  nitratos,  sulfatos,  es 
imprescindible para el desarrollo de  la actividad de  los microorganismos. El aceptor 
más  habitual  en  los  medios  contaminados  suele  ser  el  oxígeno,  aunque  muchos 
contaminantes pueden ser metabolizados bajo condiciones anaerobias. En relación a 
los diferentes aceptores, en  la Tabla 1.3  se presenta un  resumen de  los  valores de 
potencial  redox  para  algunos  aceptores  de  electrones  en  diferentes  condiciones  y 
para los productos metabólicos característicos del proceso. 
 
Tabla 1.3: Valores de potencial redox en diferentes condiciones ambientales (Fulekar, 2010). 
Respiración  Aceptor de electrones  Proceso  Suproducto 
Potencial 
redox (mV) 
Aerobia  O2  Respiración aerobia  CO2, H2O  600‐400 
Anóxica 
NO3
‐  Desnitrificación NO2‐, NO, N2O, N2  500‐200 
MN4
+  Reducción de Mn (IV) Mn2+ 400‐200 
Fe3+  Reducción de Fe (III Fe2+ 300‐100 
SO4
2‐  Sulfatoreduccion H2S 0‐150 
Anaerobia  CO2  Metanogénesis  CH4  150‐220 
 
En  resumen,  el  proceso  de  biodegradación  va  a  depender  principalmente  de  la  cepa 
microbiana utilizada, de la naturaleza y propiedades de los contaminantes y de las condiciones 
medioambientales existentes. 
 
1.4 TIPOLOGÍA DE EFLUENTES Y SU TRATAMIENTO 
En  la  presente  tesis  se  abordará  el  estudio  de  la  bioeliminación  de  contaminantes 
presentes  en  distintos  tipos  de  efluentes  agroindustriales.  Atendiendo  a  su  diferente 
naturaleza, será necesario aplicar distintas metodologías de tratamiento. 
1.4.1 TINTES 
El  elevado  consumo de  agua  en  la  industria  textil  está  asociado  a  las operaciones  de 
pretratamiento  y  acondicionamiento  de  la  materia  prima,  además  de  múltiples  pasos 
intermedios dentro del proceso de producción. El agua residual obtenida como consecuencia 
de esta actividad debe ser  tratada antes de su vertido a colector con el objetivo de eliminar 
restos de grasas, aceites y sales, y la coloración debida a los tintes, para evitar la elevada carga 
contaminante asociada. Normalmente, esta tipología de efluentes se caracteriza por mostrar 
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elevados valores de DQO, DBO5, amoníaco y sólidos en suspensión (SS), tal y como se recoge 
en la Tabla 1.4 para una industria modelo del sector de la curtiduría. 
 
Tabla 1.4: Composición media de los efluentes de una industria de curtidos. 
Parámetro   Valor medio (mg/L)  Parámetro  Valor medio (mg/L) 
DQO  7.500  NH3  225 
DBO5  4.250  Cr3+  250 
SS  3.750  S2‐  225 
SO4
2‐  1.800  Cl‐  5.500 
 
Debido  al  elevado  grado  de  desarrollo  socioeconómico  asociado  a  un mayor  nivel  de 
industrialización,  se  ha  incrementado  el  número  de  sustancias  químicas  (entre  ellas  tintes 
sintéticos) que ocasionan problemas de contaminación medioambiental  (Manu & Chaudhari, 
2003) e  impactan sobre  la flora y  la fauna. Se estima que  la producción anual de tintes es de 
7∙105 toneladas, aunque se sabe que solamente  la  industria textil utiliza alrededor de 10.000 
tintes  diferentes  (Christie,  2001;  Christie,  2007;  Zollinger,  1987).  Este  elevado  nivel  de 
consumo  es  el  origen  de  graves  riesgos  para  la  salud  humana,  dado  que  algunos  tintes  y 
subproductos son tóxicos, carcinogénicos y mutagénicos y, debido a su carácter hidrofílico son 
fácilmente  integrables en el medio acuático (Forgacs et al., 2004; Quintero & Cardona, 2010; 
Saratale et al., 2011). 
Existen numerosas familias de tintes que se pueden clasificar atendiendo a la naturaleza 
del  grupo  cromóforo  (grupo  responsable  de  la  coloración).  Sus  estructuras  contienen 
frecuentemente  grupos  azo  (‐N=N‐),  aunque  también  pueden  contener  otros  tipos  de 
estructuras como  la antraquinona y ftalocianina. De todos  los grupos de tintes existentes,  los 
clasificados dentro del grupo azo  son  los más usados  (entre un 60  y 70%) debido a  la gran 
variedad  de  colores  existentes  (Forgacs  et  al.,  2004;  Bae  &  Freeman,  2007;  Quintero  & 
Cardona, 2010). La elevada complejidad de algunas estructuras de colorantes se refleja en  la 
Figura 1.6. La mayoría de estos  tintes  tienen un origen  sintético,  son hidrofílicos, altamente 
resistentes a la acción de agentes químicos y poco biodegradables. 
A tenor de las propiedades que presentan estos tintes, se puede concluir que el vertido 
de  este  tipo  de  efluentes  coloreados  al medio  ambiente  causaría  un  impacto  considerable, 
debido no sólo a los elevados valores de DQO característicos de estos efluentes sino también a 
que muchos de estos  compuestos  son altamente persistentes en el medio ambiente. Todos 
estos aspectos negativos han favorecido el uso de tratamientos físico‐químicos y oxidativos de 
remediación que,  si bien han  sido  los más utilizados a  lo  largo del  tiempo, presentan varios 
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inconvenientes  como  un  elevado  coste,  una  baja  eficiencia,  una  versatilidad  limitada  y  la 
posible interferencia de otros contaminantes presentes en las aguas. 
 
Figura 1.6: Ejemplos de diferentes estructuras de colorantes (Domínguez, 2008). 
El reto fundamental al abordar el desarrollo de esta tesis surge ante la posibilidad de la 
eliminación de tintes o colorantes mediante el uso de procesos biológicos para el tratamiento 
de aguas residuales (Banat el al., 1996; Kaushik & Malik, 2009). En esta línea, existen diferentes 
tipos  de  microorganismos,  incluyendo  hongos,  bacterias,  levaduras  y  algas  con  capacidad 
degradativa probada,  incluso para  llegar a una mineralización  total de numerosos  tintes del 
grupo azo (Domínguez et al., 2005; Moldes & Sanromán, 2006; Rosales et al., 2009; Saratale et 
al.,2011; Jain et al., 2012). Si bien en un principio los hongos ligninolíticos (Piptoporus betulinus 
y  Trametes  hirsuta)  presentaban  los  más  altos  niveles  de  degradación  de  los  colorantes 
sintéticos,  tal  y  como  se  recoge  en  la  bibliografía  (Rodríguez‐Couto  et  al.,  2006; Rodríguez‐
Couto, 2007; Anastasi et al., 2010), en la actualidad, la estrategia de decoloración mediante el 
uso de bacterias aerobias (Pseudomonas sp, Actinomycetes, Bacillus subtilis entre otras) ha ido 
ganando  terreno  (Pandey et al., 2007;  Jain et al., 2012 y Saratale et al., 2011). Teniendo en 
cuenta que  la degradación aerobia bacteriana se considera uno de  los métodos más eficaces 
en la biodegradadación de tintes azo (Senan & Abraham, 2004) en la Tabla 1.5 (adaptación de 
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la propuesta por Saratela et al., 2011) se presenta un resumen de las niveles de decoloración 
de diferentes tintes tipo azoico alcanzados utilizando cultivos de bacterias puras. 
 
Tabla 1.5: Biodegradación de tintes azoicos por diferentes bacterias. 
Bacteria  Tntes azo (concentración)  Decoloración (%) (tiempo)  Referencia 
Acinetobacter calcoaceticus  Direct Brown MR (50 mg/L)  91 (48 horas)  Ghodake et al., 2009 
Aeromonas hydrophila  Reactive Red 141 (3.8 g/L)  100 (48 horas)  Chen et al., 2009b 
Aeromonas hydrophila  Red RBN (3 g/L)  90 (8 horas)  Chen et al. 2003 
Aeromonas hydrophila  Reactive Red 141 (3.8 g/L)  70‐80 (34 horas)  Chen et al., 2009b 
Bacillus fusiformis  Disperse Blue 79 , Acid 
Orange 10 (1.5 g/L)  100 (48 horas)  Kolekar et al., 2008 
Bacillus genus  Reactive Orange 16 (100 
mg/L)  88 (24 horas)  Telke et al., 2009 
Bacillus sp.  Navy Blue (50 mg/L)  94 (18 horas)  Dawkar et al., 2009 
Brevibacillus laterosporus  Golden Yellow (50 mg/L)  87 (48 horas)  Gomare et al., 2009 
Citrobacter sp  Reactive Red 180 (200 mg/L)  96 (36 horas)  Wang et al., 2009a 
Comamonas sp.  Direct Red 5B (1.1 g/ L)  100 (13 horas)  Jadhav et al., 2008 
Enterobacter sp.  Reactive Black 5 (1 g/L)  93 (36 horas)  Wang et al., 2009b 
Enterococcus gallinarum  Direct Black 38 (100 mg/L)  100 (480 horas)  Bafana et al., 2009 
Escherichia coli  Direct Blue 71 (150 mg/L)  100 (12 horas)  Jin et al., 2009 
Exiguobacterium sp  Navy Blue (50 mg/L)  91 (48 horas)  Dhanve et al., 2008 
Geobacillus 
stearothermophilus  Orange II  96‐98 (24 horas) 
Evangelista‐Barreto 
et al., 2009 
Lactobacillus acidophilus, 
Lactobacillus fermentum 
Water and oil soluble azo dyes 
(6 mg/L)  86‐100 (36 horas)  Chen et al., 2009a 
Micrococcus glutamicus  Reactive Green 19 (50 mg/L)  100 (42 horas)  Saratela et al., 2009c 
Mutant Bacillus sp.  Congo Red (3 g/L)  12‐30 (48 horas)  Gopinath et al., 2009 
Pseudomonas aeruginosa  Remazol Orange (200 mg/L)  94 (24 horas)  Sarayu & Sandhya,2010 
Pseudomonas aeruginosa  Reactive Blue 172 (500 mg/L)  83 (42 horas)  Bhatt et al., 2005 
Pseudomonas sp.  Reactive Blue 13 (200 mg/L)  83 (70 horas)  Lin et al., 2010 
Pseudomonas sp.  Reactive Red 2 (5 g/ L)  96 (6 horas)  Kalyani et al., 2008 
Pseudomonas sp.  Congo Red (1 g/L)  97 (12 horas)  Telke et al., 2009 
Rhizobium radiobacter  Reactive Red 141 (50 mg/L)  90 (48 horas)  Telke et al., 2008 
 
En  línea  con  la  biodegradación  mediante  el  uso  de  bacterias,  cabe  destacar  que 
recientemente  se  ha  abierto  camino  la  posibilidad  de  utilizar microorganismos  termófilos, 
tanto  aerobios  como  anaerobios,  en  la  degradación  y  decoloración  de  aguas  residuales 
procedentes de industrias textiles (Boonyakamol et al., 2009; Senan & Abraham, 2004). 
Asimismo es  importante destacar que en  las técnicas de biorremediación, una práctica 
muy habitual consiste en la utilización de consorcios bacterianos capaces de alcanzar mayores 
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niveles de degradación y mineralización de los tintes debido a las sinergias existentes entre los 
diferentes microorganismos integrantes del consorcio, lo cual supone una gran ventaja frente 
al uso de cepas puras (Chen & Chang, 2007; Khehra et al., 2005; Saratale et al., 2010b) ya que 
en  la mayoría de  las ocasiones no  se  alcanza una  degradación  completa de  los  tintes,  y  se 
forman productos de degradación  con mayor  toxicidad que  sus precursores. En  la  siguiente 
tabla  (Tabla  1.6)  se  resumen  diferentes  estudios  que  abordan  la  degradación  biológica  de 
tintes empleando consorcios microbianos. 
 
Tabla 1.6: Biodegradación de tintes azoicos por diferentes consorcios bacterianos. 
Bacteria  Tintes Azo (concentración)  Decoloración (%) (tiempo)  Referencia 
Aeromonas caviae, Protues 
mirabilis, Rhodococcus 
globerulus 
Acid Orange 7 (200 mg/L)  90 (16 horas)  Joshi et al., 2008 
Alcaligenes faecalis, 
Sphingomonas sp., Bacillus 
subtilis, Bacillus thuringiensis, 
Enterobacter cancerogenus 
Direct Blue‐15 (50 mg/L)  92 (24 horas)  Kumar et al., 2007 
Bacillus cereus, Pseudomonas 
putida, Pseudomonas 
fluorescence, 
Stenotrophomonas 
acidaminiphila 
Acid Red 88 (100 mg/L)  98 (2160 horas)  Khehra et al., 2006 
Bacillus cereus, Pseudomonas 
putida, Pseudomonas 
fluorescence, 
Stenotrophomonas 
acidaminiphila 
Acid Red 88, 97 y 119, Acid 
Blue 113, Reactive Red 120; 
(60 mg/L) 
78‐99 (24 horas)  Khehra et al., 2005 
Bacillus sp., Lysinibacillus sp., 
Bacillus sp., Bacillus sp., 
Ochrobacterium sp.  
Reactive Violet 5R (200 mg/L)   100 (18 horas)  Jain et al., 2012 
Bacillus vallismortis, B. 
Megaterium 
Congo Red, Brodeaux, 
Ranocid fast Blue, Blue BCC; 
(10 mg/L) 
83‐96 (120 horas)  Tony et al., 2009a 
Bacillus vallismortis, B. 
pumilus, B. cereus, B. subtilis, 
B. megaterium 
Direct Red 28 (10 mg/L)  93 (240 horas)  Tony et al., 2009b 
E.coli, Pseudomonas luteola  Reactive Red 22 (1 g/L)  100 (25 horas)  Chen & Chang, 2007 
Enterobacter sp., Serratia sp., 
Yersinia sp., Erwinia sp  Reactive Red 195; (30 mg/L)  90 (48 horas)  Jirasripongpun et al., 2007 
P. vulgaris, M. glutamicus  Scarlet R (50 mg/L)  100 (3 horas)  Saratale et al., 2009b 
Penicillium sp., Sphingomonas 
xenophaga  
Reactive Brilliant red X‐3B, 
Acid Red B (50 mg/L)  88 (72 horas)  Gou et al., 2009 
Proteus vulgaris , 
Miccrococcus glutamicus  Green HE4BD (50 mg/L)  100 (24 horas)  Saratale et al., 2010a 
Pseudomonas aeruginosa, 
Bacillus circulans  Reactive Black 5 (100 mg/L)  70‐90 (48 horas)  Dafale et al., 2008 
 
La problemática asociada a la contaminación de efluentes de la industria textil no se ha 
traducido en la implantación de un marco legal más restrictivo a la concentración explícita de 
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tintes  en  el  agua,  sino  que  existe  una  compleja  normativa  relacionada  con  la  protección  y 
mejora  de  la  calidad  del  medio  ambiente,  que  se  enmarca  en  un  apartado  específico 
denominado  la protección de  las aguas, como ya apuntaba  la Ley de Aguas (Ley 25/1985) en 
1985.  Por  lo  tanto,  existen  directrices  a  nivel  europeo,  (Directiva  2002/61/CE  que  limita  la 
comercialización y uso de determinadas sustancias peligrosas en  la  industria  textil), nacional 
(Ley 4/2007 por  la que  se modifica el  texto  refundido de  la  ley de  aguas),  autonómico  (RD 
9/2005  de  suelos  contaminados  de  Galicia)  e  incluso  local.  Por  ejemplo,  atendiendo  a  los 
valores  indicados por el RD 849/1986, el pH del vertido debe estar comprendido entre 5,5 y 
9,5, la DQO entre 500 y 160, y el color debe ser inapreciable. 
1.4.2 TALADRINAS 
Las  taladrinas son mezclas  líquidas  (aceitosas o acuosas) de composición más o menos 
compleja que se adicionan a la mayoría de las operaciones de mecanizado con el fin de lubricar 
y eliminar calor producido en  los procesos de extrusión,  laminación,  fresado,  taladrado, etc. 
consiguiendo así prolongar  la vida útil de  la herramienta y mejorar  la calidad de  la superficie 
mecanizada  (Sokovic & Mijanovic,  2001;  van  der Gast  et  al.,  2003;  Skerlos  et  al.,  2008).  La 
mayoría  de  las  taladrinas  se  encuentran  formuladas  en  torno  a  un  aceite  de  base mineral, 
vegetal  o  sintético,  siendo  el  primero  el más  utilizado,  y  pudiendo  llevar  asociados  varios  
compuestos  como  antiespumantes,  aditivos de  extrema presión, biocidas,  solubilizadores,  e 
inhibidores de corrosión (Anderson et al., 2003; Glenn & van Antwerpen, 2004). 
Los principales fluidos de corte se clasifican en: aceites propiamente dichos, emulsiones 
oleosas, soluciones semi‐sintéticas y soluciones sintéticas. Los tres últimos tipos son soluciones 
acuosas diluidas entre un 2 y 6% (dependiendo de cada caso) con pH comprendido entre 8 y 
10, y reciben el nombre genérico de taladrinas. Éstas se comercializan como concentrados que, 
posteriormente  se  diluyen  in  situ.  A  continuación,  se  detallan  las  características  más 
representativas de cada uno de estos fluidos de corte específicos: 
Taladrinas en base a emulsiones oleosas: El  concentrado  se diluye alrededor del 5% y 
contiene entre un 60 y 80% de aceites minerales o vegetales, un 20% de emulgentes, hasta un 
10%  de  agua  y  un  10%  de  aditivos  varios  como  anticorrosivos,  bactericidas  y  aditivos  de 
extrema presión. Se emplean en operaciones en las que la función lubricante de la taladrina es 
prioritaria, como es la laminación y la embutición. 
Taladrinas semi‐sintéticas: El concentrado se aplica entre el 2 y el 6% y contiene como 
base 20‐50% de agua, 10‐40% de aceite mineral o sintético, 10‐30% de emulgentes y 10‐30% 
de  diversas  sustancias  anticorrosivas.  Su  usan  fundamentalmente  en  las  operaciones  de 
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mecanizado  (taladrado,  fresado...) y  rectificado, en  las que  la  lubricación y  refrigeración  son 
importantes. 
Taladrinas sintéticas: El concentrado se aplica de media al 2,5%. Su composición incluye 
un 40‐60% de agua y aditivos varios como humectantes (20%), 15‐40% de anticorrosivos y 10% 
de  otros  aditivos,  pudiendo  contener  pequeños  porcentajes  de  aceite.  Se  emplea  en 
operaciones  en  las que  la  función  refrigerante  es prioritaria,  como  es  el mecanizado  a  alta 
velocidad y el rectificado. 
En  la  Tabla  1.7  se  resumen  los  diferentes  fluidos  de  corte  y  las  taladrinas  con  su 
composición  aproximada.  Asimismo,  es  importante  destacar  que  la  composición  de  las 
taladrinas se elige en  función del objeto básico de  la operación  teniendo siempre en cuenta 
que  el mejor  lubricante  es  el  aceite  y  que  el mejor  refrigerante  es  el  agua.  Procesos  que 
generan  importantes  fricciones  (extrusión de  tubos,  laminación)  emplearán  fluidos  con  alto 
poder  lubricante,  es  decir,  aceite  o  taladrinas  emulsionables.  Al  contrario,  procesos  que 
generan mucho calor  (taladrado,  fresado, rectificado...) se refrigerarán con agua o taladrinas 
de alto contenido en agua. 
 
Tabla 1.7: Composición aproximada de los diferentes tipos de taladrinas y otros fluidos de corte 
(IHOBE 1999). 
Fluidos   Composición (% Volumen) 
Agua  Aceite  Emulgente  Aditivos 
Aceite de corte  0  96  0  4 
Agua  100  0  ‐  ‐ 
Taladrinas en base a emulsión 
oleosa  <10  60‐80  20  10 
Taladrinas semi‐sintética  20‐50  10‐40  10‐30  10‐30 
Taladrinas sintética  40‐60  <5  >0  40‐60 
 
Por  lo  tanto,  las  taladrinas  pueden  contener  en  su  composición,  todas  o  parte  de  las 
sustancias  que  se  nombran  a  continuación,  lo  que  puede  dar  una  idea  aproximada  de  la 
dificultad que  conlleva  su  caracterización y  su degradación biológica  (Anderson et al., 2003; 
Cheng et al., 2005; Ranbestein et al., 2009): 
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 Lubricantes: aceites minerales, animales o vegetales y sintéticos. 
 Emulgentes: catiónicos, aniónicos (Na2SO4) y no iónicos (trietanolamina, poliglicoleter, 
alilfenoloxietilo). 
 Inhibidores de corrosión: nitritos, aminas, boratos  y carbonatos, entre otros. 
 Bactericidas‐fungicidas: pentaclorofenol y derivados de fenol y formol. 
 Aditivos de extrema presión: parafinas cloradas, aditivos azufrados y fosforados. 
 Humectantes o estabilizantes: poliglicoles, alcoholes y fosfatos de aminas. 
 Antiespumantes: siliconas. 
 Colorantes y complejantes: EDTA. 
 Metales pesados: molibdeno y cinc. 
 
Uno de los procesos en los cuales las taladrinas desempeñan un papel relevante son los 
tratamientos de superficies. Las piezas a tratar deben estar perfectamente limpias y lisas, por 
lo que en las líneas de recubrimiento electrolítico es necesario realizar un desengrase previo. El 
proceso  de  desengrase  tiene  como  objetivo  la  eliminación  del  aceite  empleado  en  la 
protección  de  las  piezas mecánicas  para  posteriores  recubrimientos.  En  la  actualidad,  este 
desengrase se suele realizar en baños de disoluciones alcalinas con poder emulsionante, como 
parte del tratamiento electrolítico (Iwashita et al., 2004; Aguilera‐Herrador et al., 2006). En un 
periodo de tiempo relativamente corto, estas disoluciones se saturan de aceites y grasas por lo 
que  se  deben  renovar,  generándose  así  un  residuo  peligroso  que  deberá  ser  gestionado 
correctamente  (con el elevado coste económico que conlleva) y denominado habitualmente 
como taladrinas agotadas. Por todo ello, la generación de taladrinas agotadas en el proceso de 
tratamiento  de  superficies  se  podría  minimizar  simplemente  adoptando  nuevas  prácticas 
operacionales  más  respetuosas  con  el  medio  ambiente  y  que  dismimuyan  los  riesgos 
inherentes  a  la  producción.  Estas  líneas  de  actuación  se  desarrollan  al  amparo  del  nuevo 
marco legal, aunque la generación de residuos de baños agotados de taladrina es, hoy por hoy, 
reducible pero no evitable (Sokovic & Mijanovic, 2001). 
En  resumen,  la problemática  ambiental  relacionada  con  los  residuos peligrosos en  las 
industrias que utilizan las taladrinas agotadas tienen propiedades irritantes y ecotóxicas dado 
que contienen metales pesados, biocidas, nitrosaminas, compuestos de boro, etc., que en caso 
de  contacto  con  la  piel  pueden  causar  irritaciones  y  daños  diversos.  Por  estas  razones,  la 
normativa  española  clasifica  este  residuo  como peligroso.  La  Ley 22/2011  sobre Residuos  y 
suelos  contaminados, que modifica  la  anterior  Ley  10/98  y  los Reales Decretos  833/1988  y 
952/97 de Residuos Tóxicos y Peligrosos regulan  la manipulación y  la gestión de este tipo de 
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residuos. Pese a la clasificación de las taladrinas agotadas como residuos tóxicos y peligrosos, 
una gran cantidad de ellas continúan siendo vertidas a cauces o a colectores de saneamiento, 
pudiendo ocasionar serios problemas operacionales si entrasen en una planta de tratamiento 
de aguas residuales o medioambientales, en caso de vertido a cauce (Gilbert et al., 2010). 
Estos factores ambientales son la base que condiciona la necesidad incuestionable para 
tratar  los  vertidos  procedentes  de  la  utilización  de  taladrinas,  como  paso  previo  a  su 
evacuación  o  su  gestión  a  través  de  un  gestor  de  residuos  tóxicos  y  peligrosos,  con  el 
consiguiente coste económico que esto conlleva. 
En esta tesis se propone el desengrase biológico como alternativa viable a la eliminación 
y  reutilización  de  los  aceites  y  las  grasas.  Este  nuevo  enfoque  se  fundamenta  en  la  acción 
digestiva  de  los microorganismos  para  los  que  el  aceite  y  la  grasa  constituyen  su  principal 
fuente de carbono  (Muszynski et al., 2007; Saha et al., 2010). Por otra parte, es  importante 
destacar que el tratamiento biológico es una técnica fácilmente extrapolable a otros sectores 
industriales en  los que  se  realiza algún  tipo de  tratamiento  superficial  como el pintado o el 
anodizado  sobre  una  gran  variedad  de metales  como  pueden  ser  el  acero,  bronce  y  otros 
(Iwashita et al., 2004; Rabestein et al., 2009). 
El proceso de desengrase biológico tiene lugar en 2 fases bien diferenciadas: 
 Fase 1: las piezas entran en contacto con la disolución acuosa de taladrina presente en 
el baño de desengrase. De este modo, el aceite y  las  impurezas  se emulsionan  formándose 
micropartículas oleosas. 
 Fase  2:  las  micropartículas  de  aceite  son  degradadas  por  microorganismos 
generándose dióxido de carbono y agua. El aumento de aceite libre en la disolución favorece el 
aumento de la población bacteriana, de forma que el desengrase biológico se autorregula para 
mantener el nivel óptimo de eficacia a lo largo del tiempo. 
 
En  términos  generales,  todo  proceso  de  biorremediación  necesita,  además  de  los 
nutrientes  (en  este  caso  los  restos  de  aceites  procedentes  de  los  baños  de  desengrase 
agotados),  los microorganismos más eficaces para  llevar a cabo el proceso de metabolización 
de  los  contaminantes. Para que esta biodegradación  tenga  lugar,  se  requieren una  serie de 
condiciones que favorezcan el crecimiento y actividad microbiana: 
 Agitación/aireación óptima que asegure un  suministro adecuado de oxígeno, ya que 
las bacterias habitualmente utilizadas en el proceso de desengrase son aerobias (Rabestein et 
al., 2009). 
 Mantener  la  temperatura  dentro  de  un  intervalo  que  favorezca  la  biodegradación. 
Según  la  bibliografía  existente,  este  proceso  tiene  lugar  de  forma  exitosa  a  temperaturas 
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comprendidas  entre  40  y  55°C,  siendo  la  temperatura  óptima  45°C  (Rahman  et  al.,  2002; 
Cheng et al., 2005; Cheng et al., 2006). 
 Mantener el pH dentro de un intervalo que favorezca el crecimiento y actividad de los 
microorganismos  (pH  entre  8.8  y  9.2).  Debido  a  la  naturaleza  alcalina  de  los  baños  de 
desengrase (valores de pH superiores a 9.2) la actividad microbiana es muy baja, por lo que es 
necesario corregir su alcalinidad (Rahman et al., 2002; van der Gast et al., 2003; Cheng et al., 
2005). 
 La concentración de aceites en el desengrase. Este parámetro es clave para asegurar la 
supervivencia  de  los  microorganismos,  ya  que  si  la  concentración  de  hidrocarburos  es 
demasiado  alta  se  reduce  la  cantidad  de  oxígeno  disponible  y  la  actividad  del  agua, 
reduciéndose  la capacidad de degradación bacteriana. Por el contrario, si  la concentración es 
demasiado  baja,  los  microorganismos  no  tendrían  fuente  de  alimentación  para  poder 
mantener su tasa metabólica. Se produce entonces un descenso de  la densidad celular y una 
reducción de  la  efectividad del proceso de desengrase biológico  (van der Gast  et  al., 2003; 
Cheng et al., 2005; Rabestein et al., 2009). 
1.4.3 HIDROCARBUROS AROMÁTICOS POLICÍCLICOS  
Los  hidrocarburos  aromáticos  policíclicos  (HAPs)  o  hidrocarburos  aromáticos 
polinucleares son estructuras formadas por la unión de 2 ó más moléculas de benceno, siendo 
precisamente la estructura de este anillo aromático la que le que confiere una gran estabilidad 
termodinámica,  y  por  lo  tanto  los  convertirá  en  compuestos  difícilmente  degradables.  Se 
conocen  unos  100  HAPs  diferentes  aunque  sólo  16  de  ellos  han  sido  definidos  como 
contaminantes  prioritarios  por  la  USEPA  (Agencia  de  Protección  del  Medioambiente 
Estadounidense) tal y como se recoge en la Figura 1.7. 
La  existencia  de  los  HAPs  en  el  medio  ambiente  presenta  un  origen  natural  o 
antropogénico  (Figura  1.8),  aunque  el  aumento  de  la  industrialización  y,  sobre  todo  el  uso 
creciente de derivados del petróleo y su combustión, ha  incrementado considerablemente  la 
contaminación debida a estos compuestos y el consiguiente riesgo para  los organismos vivos 
(Jiang et al., 2009). Históricamente  fueron  los primeros agentes químicos en ser reconocidos 
como  causantes  de  tumores  malignos  en  humanos,  siendo  especialmente  destacables  los 
efectos tóxicos de los HAPs de alto peso molecular (HMW), compuestos que contienen más de 
3 anillos bencénicos (Fernández‐Luqueño et al., 2011). 
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Figura 1.7: 16 HAPs definidos como contaminantes prioritarios por la EPA (Gómez, 2011). 
 
En la actualidad, la presencia de estos compuestos en el medioambiente ha despertado 
una gran preocupación e interés en la investigación de tecnologías de tratamiento eficientes y 
medioambientalmente sostenibles. Una de  las alternativas más atractivas por su bajo coste e 
impacto  ambiental  es  la  biorremediación,  aunque  su  éxito  va  a  estar  decisivamente 
determinado  por  las  propiedades  físico‐químicas  del  compuesto  orgánico  presente  en  el 
efluente  (Tabla  1.8).  Los  HAPs  son  los  compuestos  de  naturaleza  cancerígena  más 
habitualmente presentes en el medioambiente. Así, se pueden encontrar niveles significativos 
de estos compuestos en el aire, en los alimentos o en el agua (Cao et al., 2009), aunque por la 
temática  abordada  en  esta  tesis  doctoral,  se  hará  referencia  solamente  a  los  efluentes 
acuosos. 
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Tabla 1.8: Propiedades físico‐químicas de los HAPs (Pazos et al., 2010; Mackay et al., 2006). 
Compuesto  Peso molecular (g/mol)  Solubilidad (µg/L) 
Naftaleno  128,2  31 
Acenaftileno  152,2  3,93 
Acenafteno  154,2  1,93 
Fluoreno  166,2  1,68‐1,98 
Fenantreno  178,2  1,20 
Antraceno  178,2  0,0076 
Floranteno  202,3  0,20‐0,26 
Pireno  202,3  0,077 
Benz[a]antraceno  228,3  0,010 
Criseno  228,3  0,0028 
Benzo[b]fluoranteno  252,3  0,0012 
Benzo[a]pireno  252,3  0,0008 
Dibenzo[a]pireno  252,3  0,0023 
Dibenz[a,h]antraceno  278,4  0,0005 
Benzo[ghi]perileno  276,3  0,00026 
Indeno[1,2,3‐cd]pireno  276,3  0,062 
 
Este tipo de contaminantes entran en las aguas superficiales principalmente a través de 
la atmósfera, aguas de escorrentía urbanas, efluentes municipales e industriales y por vertidos 
o fugas de petróleo (Mahanty et al., 2011). 
La  concentración  de  HAPs  en  las  aguas  residuales  puede  variar  considerablemente 
dependiendo de si el efluente presenta un origen  industrial o urbano. Asimismo,  la presencia 
de HAPs en  las aguas subterráneas puede deberse a aguas superficiales contaminadas, riego 
con  efluentes  contaminados,  lixiviados  de  vertederos  de  residuos  sólidos  o  a  suelos 
contaminados (Bruzzoniti et al., 2010). En la Figura 1.8 se presenta un esquema de las posibles 
fuentes de HPAs, tanto naturales como antropogénicas. 
En el caso de las aguas de consumo, la presencia de HAPs puede deberse a la utilización 
de aguas superficiales o subterráneas o al uso de tuberías de abastecimiento recubiertas con 
materiales  de mala  calidad.  Se  ha  detectado  su  presencia  en  agua  potable  procedente  de 
plantas de tratamiento y de depósitos de recolección de agua de  lluvia (Kveseth et al., 1982). 
En  lo que se refiere al tratamiento con cloro del agua de consumo, se ha observado que esta 
técnica de desinfección puede ocasionar  la  formación de HAPs oxigenados o  clorados,  cuya 
toxicidad todavía es mayor (Onodera, 2010). 
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Figura 1.8: Algunas fuentes de HAPs. 
 
La  peligrosidad  de  estos  compuestos  y  su  amplio  espectro  de  distribución  en  el 
medioambiente ha ocasionado el desarrollo de numerosa legislación que establece los límites 
máximos permitidos. A continuación se presenta la relación de normas a tener en cuenta en lo 
que a la legislación de aguas se refiere: 
 La Directiva 2000/60/CE del Parlamento Europeo establece un marco comunitario de 
actuación en el  ámbito de  la política de  aguas para  la protección de  las  aguas  superficiales 
continentales,  las  aguas  de  transición,  las  aguas  costeras  y  las  aguas  subterráneas.  En  la 
modificación  de  esta Directiva  (Directiva  2008/105/CE)  se  hace  referencia  a  las  normas  de 
calidad  ambiental  en  el  ámbito  de  la  política  de  aguas,  y  se  recoge  una  lista  de  sustancias 
prioritarias  entre  las  cuales  se  encuentran  los  siguientes  HAPs:  antraceno,  naftaleno, 
flouranteno,  benzo[a]pireno,  benzo[b]fluoranteno,  benzo[ghi]perileno,  benzo[k]fluoranteno 
entre  otros. Además,  se  establecen  los  valores  de  concentración máxima  admisibles  de  los 
HAPs mencionados anteriormente en ríos, lagos y otras aguas superficiales. 
 En  el  caso de  aguas de  consumo humano,  tanto  la Directiva  98/83/CE,  relativa  a  la 
calidad  de  las  aguas  destinadas  al  consumo  humano,  como  el  RD  140/2003,  por  el  que  se 
establecen los criterios sanitarios de la calidad del agua de consumo humano, fijan 0,010 µg/L 
como  valor máximo  de  benzo[a]pireno  y  0,10  µg/L  para  la  suma  de  los  siguientes  HAPs: 
benzo[b]fluoranteno, benzo[k]fluoranteno, benzo[ghi]perileno y indeno[1,2,3‐cd]pireno. 
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 La Ley de Aguas de Galicia 9/2010 de ámbito autonómico recoge explícitamente en su 
apartado  V  sobre  microcontaminantes  orgánicos  de  tipo  tóxico,  la  concentración  máxima 
admisible en agua para antraceno (0,4 g/L), fluoranteno (1 g/L) y benzopireno (0,1 g/L). 
 
Atendiendo  a  las  restricciones  impuestas  por  la  legislación  vigente,  es  justificable  la 
necesidad de aplicar técnicas de descontaminación para purificar estas aguas y evitar posibles 
riesgos  cuyos  efectos  serian  impredecibles.  De  acuerdo  con  la  línea  de  descontaminación 
planteada a  lo  largo de esta tesis, y enmarcada  íntegramente en  la aplicación de técnicas de 
biorremediación,  en  la  Tabla  1.9  se  presentan  los  métodos  biológicos  más  comúnmente 
utilizados en el tratamiento de HAPs en efluentes y en suelos. 
 
Tabla 1.9: Agentes de remediación biológica aplicados a efluentes y suelos contaminados. 
Agentes  Aplicación Referencias
Plantas  Suelos/ Efluentes  Lee et al., 2008; Huesemann et al., 2009; Sheng‐
wang et al., 2008; Xu et al., 2009; Cheema et al., 
2010; Lu et al., 2010; Wei & Pan, 2010. 
Hongos  Suelos/ Efluentes  Gómez et al., 2006; Domínguez et al., 2007; Bishnoi 
et al., 2008; Cajthaml et al., 2008; Chupungars et al., 
2009; Silva et al., 2009b; Wang et al., 2009d; Chen 
et al., 2010; Covino et al., 2010; Wu et al., 2010. 
Bacterias  Suelos/ Efluentes  Baboshin  &  Golovleva,  2011;  Guo  et  al.,  2008; 
Bautista et al., 2009; Kobayashi et al., 2009; Li et al., 
2010;  Shao  et  al.,  2010;  Tiwari  et  al.,  2010; 
Madueno et al., 2011.
Algas    Efluentes  Lei et al., 2007; Hong et al., 2008. 
 
En vista de la bibliografía mostrada en la Tabla 1.9 es evidente la existencia de una gran 
diversidad  de  especies  bacterianas  con  capacidad  degradativa  de  compuestos  aromáticos 
policíclicos, lo cual focaliza el desarrollo de las técnicas de biorremediación tratadas a lo largo 
de esta tesis. 
De este modo, y tal como se resume en las siguientes tablas en las cuales se diferencia la 
escala a  la que  se ha  realizado  la  investigación  (Tabla 1.10 y Tabla 1.11) y  se ha descrito  la 
capacidad  degradativa  de HAPs  en  diversas  especies  pertenecientes  a  géneros  tales  como: 
Achromobacter (Seo et al., 2007), Pseudomonas (Bautista et al., 2009; Gottfried et al., 2010), 
Rhodococcus (Dean‐Ross et al., 2002), Sphingomonas (Chen et al., 2011; Madueno et al., 2011; 
Zhong et al., 2011). 
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Tabla 1.10: Degradación de HAPs mediante bacterias (cepas puras o en consorcio) a escala 
matraz. 
ESCALA MATRAZ 
Microorganismo  HAPs  Eliminación (%)  Referencia 
Achromobacter sp., Bacillus sp., 
Burkholderia sp., Sinorhizobium 
sp. Mycobacterium sp.  PHE, PYR 
100 (7‐14 días)  Seo et al., 2007 
Acinetobacter baumannii, 
Klebsiella oxytoca, 
Stenotrophomonas maltophilia  PHE 
9‐48 (15 días)  Kim et al., 2009 
Bacterial consortium  ANT, PYR  49‐66. (20 días)  Sartoros et al., 2005 
Diaphorobacter sp. 
Pseudoxanthomonas sp.  PYR, PHE ,FLA  55‐100 (24 días)  Klankeo et al., 2009 
Enterobacter sp., Pseudomonas 
sp. Stenothrophomonas sp.  NAPH, PHE, ANT  10‐80 (15 días)  Simarro et al., 2011 
Micrococcus sp.  NAPH  93 (15 días)  Jegan et al., 2010 
Mycobacterium flavecens, 
Rhodococcus sp.  FLA, PYR, ANT, PHE  47‐53 (14 días)  Dean‐Ross et al., 2002 
Mycobacterium sp.  PYR, PHE, FLA,ANT, 
BaP  90 (120 días)  Zeng et al., 2010 
Mycobacterium sp., 
Sphingomonas sp.  PHE, FLA, PYR  100‐50 (7 días)  Zhong et al., 2011 
Pseudomonas aeruginosa, Bacillus 
sp.  PHE  99 (10 días)  Wong et al., 2004 
Pseudomonas putida PHE  80 (10 días) Gottfried et al., 2010 
Pseudomonas rhodesiae  NAPH, PHE, ANT  18‐22 (10 días)  Kahng et al., 2002 
Pseudomonas sp.  PHE  15 (27 días)  Avramova et al., 2008 
Pseudomonas sp.  NAPH, PHE, ANT  90 (15 días)  Bautista et al., 2009 
Pseudomonas sp.  ANT  45‐50 (30 días) Jacques et al., 2009 
Pseudomonas sp.  PHE, ANT  90‐93 (14 días)  Pathak et al., 2008 
Pseudomonas sp., 
Microbacterium sp., Paracoccus, 
sp. 
PHE,ANT, PYR  100 (12 días)  Zhang et al., 2004 
Pseudomonas sp., P. aeruginosa  PYR  47‐68 (30 días)  Obayori et al., 2008 
Pseudomonas stutzeri NAPH 42 (6 días) Feijoo‐Siota et al., 2008 
Rhodococcus sp.  16 HAPs  100 (54 días) Kim & Lee, 2007 
Sphingobacterium sp., Bacillus 
cereus , Achromobacter insolitus  PHE  100 (14 días) 
Janbandhu & Fulekar, 
2011 
Sphingomonas genus PHE, FLU  41‐98 (3 días) Madueno et al., 2011 
Sphingomonas sp.  PHE  80 (2 días)  Chen et al., 2011 
ACNL: acenaftileno; ACNT: acenafteno; ANT: antraceno; BaA: benz[a]antraceno; BaP: benzo[a]pireno; FLA: 
fluoranteno; FLU: fluoreno; NAPH: naftaleno; PHE: fenantreno; PYR: pireno 
 
Como ejemplo de la utilización de consorcios microbianos (estrategia explicada con más 
detalle  en  el  apartado  anterior)  obtenidos  de  lugares  contaminados,  Aitken  et  al.  (1998) 
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aislaron 11 cepas en suelos contaminados con diferentes hidrocarburos (aceite de motor, de 
refinerías, petróleo, etc.), que pertenecían a distintas especies de  los géneros Pseudomonas, 
Agrobacterium,  Bacillus,  Burkholderia,  y  mostraban  una  elevada  capacidad  degradativa  de 
benzo[a]pireno. 
 
Tabla 1.11: Degradación de HAPs mediante bacterias (cepas puras o en consorcio) a escala 
reactor. 
ESCALA REACTOR 
Tipo de reactor  Microorganismo  HAPs  Eliminación (%)  Referencia 
PB  Culivo mixto adaptado  PHE, PYR  90‐99 (30 días)  Guieysse et al., 2000 
AE  Microorganismos aerobios  FLU, PHE, ANT  50‐80 (20 días)  Trably & Patureau, 
2006 
TLPB  Consorcio microbiano  PYR, CHY, BaP,  ‐  Marcoux et al., 2000 
BSPR  Native flora soils  PYR  34 (5 días)  Venkata et al., 2008 
BSPR 
Microbiota edáfica y de 
efluentes residuales 
domésticos 
ANT  90 (6 días)  Prasana et al., 2008 
ICR  Pseudomonas sp  Bz, NAP,PHE  100 (66 días)  Tian et al., 2006 
BR  Pseudomonas sp. 
Sphingomonas sp.  PHE, PYR  12‐100 (12 dìas)  Guieysse et al., 2001 
BSPR  Pseudomonas sp., Acidoborax 
sp. 
NAP, PHE,PYR, 
BaP  80 (18 días)  Zhu et al., 2010 
BSPR  Pseudomonas sp., 
Pseudomonas aeruginosa  PHE  88‐92 (21 días)  Nasseri et al., 2010 
TLPB  Sphingobium yanoikuyae  PYR, CHY, BAP  18‐100 (20 días)  Lafortune et al., 2009 
TPPB  Sphingomonas 
aromaticivorans 
NAPH, PHE, ANT, 
ACNT  100 (3 días)  Janikowski et al., 2002 
CSTR  Consorcio de aguas residuales  15 HAPs  72‐99 (25 días)  Sponza & Gok, 2010 
Bz: benceno; CHY: criseno; PER: perileno; PB: Packed Biofilm; BR: Biphasic Reactors; TPPB: Two Phase Partioning Bioreactor; 
TLPB: Two Liquid Phase Reactor; BSPR: Bio Slurry Phase Reactor; CSTR: Continuous Stirred Tank Reactor; AE: Aerobic reactor; 
ICR: Immobilized Cells Reactor. 
 
De  forma  análoga,  los  sedimentos  acuáticos  ofrecen  también  nichos  biológicos 
interesantes para aislar bacterias que permiten alcanzar elevados niveles de degradación de 
fenantreno  (42‐78%)  (Tam  et  al.,  2002).  También  Verrhiest  et  al.,  (2002)  estudiaron  la 
interacción entre una mezcla de HAPs y las comunidades microbianas de un sedimento de una 
corriente  fluvial.  Observaron  que  la  presencia  de  HAPs  inducía  cambios  apreciables  en  la 
densidad  y  metabolismo  de  las  comunidades  microbianas,  concluyendo  que  las  bacterias 
autóctonas  presentaban  una  alta  capacidad  degradativa  de  los  HAPs,  aunque  ésta  se  veía 
fuertemente  afectada  por  las  propiedades  físicoquímicas  y  la  biodisponibilidad  de  los 
contaminantes. 
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En  definitiva,  el  proceso  de  biodegradación  va  a  depender  principalmente  de  la  cepa 
microbiana  utilizada,  de  la  naturaleza  y  propiedades  del  HAP  y  de  las  condiciones 
medioambientales existentes. Entre estas últimas es  importante  resaltar  la gran  importancia 
que  tienen  en  el  proceso  de  biorremediación  la  temperatura,  el  pH,  la  aireación,  la 
disponibilidad de nutrientes y  la biodisponibilidad del  contaminante. Conviene destacar que 
aunque  la  mayoría  de  los  estudios  de  degradación  de  HAPs  se  suelen  llevar  a  cabo  en 
condiciones mesofílicas, se han referenciado procesos biodegradativos a temperaturas desde 
0°C (Siron et al., 1995; Horel & Schiewer, 2009) hasta más de 75°C (Lau et al., 2003; Zheng et 
al.,  2011),  alcanzando  valores  de  degradación  superiores  al  90%.  De  forma  análoga,  el  pH 
también  va  a  tener  una  influencia  importante  sobre  la  eficiencia  final  del  proceso  de 
biodegradación. De este modo, la degradación de HAPs ha sido referenciada a pH ácidos (pH 2) 
mediante  la  utilización  de  un  consorcio  de  bacterias  acidófilas  y  hongos  (Stapleton  et  al., 
1998). 
En  cuanto  al  efecto  de  la  presencia  de  oxígeno,  en  la  actualidad  se  considera  que  la 
biodegradación  de  HAPs  es  posible  en  condiciones  aerobias  y  anaerobias.  Sin  embargo,  la 
mayoría de los trabajos tienden a concentrarse en el metabolismo aeróbico debido a la mayor 
facilidad de su estudio y cultivo. Durante el metabolismo aerobio,  la presencia de oxígeno es 
imprescindible para la acción de enzimas mono y dioxigenasas en la oxidación inicial del anillo 
aromático (Seo et al., 2009). Aunque existen ejemplos referenciados en los que la velocidad de 
degradación  en  condiciones  anaeróbicas  y  denitrificantes  es  comparable  a  la  obtenida  en 
condiciones  aeróbicas,  existen  diversas  limitaciones  operacionales  que  hacen  que  esta 
alternativa sea menos viable.  
Otro  factor  a  tener  en  cuenta  en  cualquier  proceso  de  biorremediación  es  la 
disponibilidad de nutrientes. A menudo, para  lograr un buen rendimiento de degradación se 
requiere una bioestimulación, o  lo que es  lo mismo,  la adición de sustancias que  faciliten el 
crecimiento microbiano. En  los  lugares  contaminados  con hidrocarburos, es habitual que  se 
agoten  rápidamente  nutrientes  como  el  fósforo,  el  nitrógeno  y  el  potasio,  por  lo  que  es 
necesario añadirlos al proceso  (Liu et al., 2011). También en otras ocasiones, el proceso de 
biodegradación  necesita  una  bioaumentación  mediante  la  adición  de  un  inóculo  de 
microorganismos  con  capacidad  degradativa  demostrada  (Duque  et  al.,  2011).  Todo  ello, 
siempre estará influenciado por la biodisponibilidad del contaminante objeto del tratamiento. 
En  general,  y  como  ya  se  ha  especificado  previamente,  los  HAPs  presentan  una  gran 
hidrofobicidad,  lo que provoca que sean muy poco biodisponibles. Para mejorar  la eficiencia 
de  la  biodegradación,  se  recomienda  la  adición  de  compuestos  de  superficie  activa  o 
surfactantes  (Bautista et al., 2009); si bien en ocasiones, algunos microorganismos producen 
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biosurfactantes,  que  posibilitan  una mayor  biodisponibilidad  de  los  HAPs  (Gottfried  et  al., 
2010). 
1.4.4 PESTICIDAS 
Los pesticidas sirven, como su propio nombre indica, para controlar, repeler, prevenir o 
erradicar la proliferación excesiva o anómala de seres vivos considerados como plagas, aunque 
éstos  también  incluyen  sustancias  químicas  para  el  control  fitosanitario.  Aunque  el  papel 
primordial  de  los  pesticidas  es  proteger  nuestra  salud,  debido  a  su  función  letal  contra  los 
agentes  patógenos  que  nos  rodean,  su  utilización  puede  ocasionar  efectos  adversos  en  la 
población. 
Hasta el momento, el control de  las enfermedades y plagas de  las plantas por métodos 
químicos continúa siendo una práctica habitual, si bien cada vez se está extendiendo más el 
uso de pesticidas con base biológica. El control de  las enfermedades de  las plantas mediante 
agentes  químicos  se  remonta  a  finales  del  siglo  XIX,  cuando  se  introdujo  en  Francia  para 
combatir  el  mildiu  que  afectaba  a  los  viñedos.  Posteriormente,  la  protección  de  muchos 
cultivos  se  centró  en  la  aplicación  de  plaguicidas  químicos  obtenidos  mediante  síntesis 
orgánica, siendo el famoso DDT (diclorodifeniltricloroetano) uno de los primeros en conseguir 
erradicar las principales plagas que asolaban los cultivos en ese momento. Sin embargo, el uso 
indiscriminado e ilimitado de este tipo de compuestos ha comportado un riesgo para la salud y 
el medio ambiente (Ware & Whitacre, 2004; Rubio & Fereres, 2005; Fulekar, 2010). 
Tras  esta  breve  introducción  cabe  mencionar  que  bajo  el  concepto  de  pesticida  se 
engloban  no  solo  sustancias  químicas  sino  también  agentes  biológicos,  antimicrobianos,  o 
desinfectantes. De este modo, se puede decir que una peste supone  la  intrusión de  insectos, 
plantas, semillas  invasoras, moluscos, pájaros, mamíferos, y microorganismos, que compiten 
con  el  ser  humano  en  el  medio  ambiente.  En  este  sentido,  cabe  destacar  una  posible 
clasificación  de  los  pesticidas  (entre  las  numerosas  que  existen)  en  función  de  su  uso  o 
finalidad en 5 clases diferentes (Atkar et al., 2009; Fulekar, 2010; Latifi et al., 2012): 
 Insecticidas 
 Herbicidas 
 Fungicidas 
 Rodenticidas 
 Fumigantes 
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Siguiendo esta  sencilla  clasificación  cabe  señalar que  los principales pesticidas  son  los 
insecticidas. Estas sustancias tienen propiedades que los hacen muy atractivos a la hora de ser 
utilizados  como  plaguicidas  ya  que  resultan  extremadamente  tóxicos  para  los  insectos, 
(aunque  mucho  menos  activos  frente  a  otros  animales),  son  altamente  persistentes  y 
relativamente  baratos. Otra  clasificación  de  los  pesticidas  hace  referencia  al  grupo  químico 
activo  que  presentan:  organoclorados,  organofosfatados,  organosulfurados,  carbamatos, 
formamidinas,  dinitrofenoles,  piretroides,  nicotinoides,  spiosinas,  fenilpirazoles,  pirroles, 
pirazoles, botánicos (derivados de plantas) entre otros (Fulekar, 2010). 
Desde  la  limitación  del  uso  de  los  insecticidas  organoclorados,  y  pese  a  que  en  la 
actualidad  su  uso  está  prohibido,  todavía  se  pueden  encontrar  en  los  suelos  debido  a  su 
elevada  persistencia  ambiental  (pueden  permanecer  sin  degradación  significativa  hasta  30 
años  después  de  ser  aplicados).  Debido  a  ello,  los  insecticidas  organofosfatados  se  han 
convertido en los de mayor uso en la actualidad junto con los carbamatos, ambos capaces de 
degradarse con mayor rapidez en el medio ambiente. Los organofosfatos son utilizados en  la 
agricultura,  en  el  hogar  y  en  los  jardines.  Actualmente,  más  de  cuarenta  de  ellos  están 
registrados  para  su  uso,  aun  con  el  consiguiente  riesgo  de  toxicidad  aguda  sobre  la  salud 
humana que su aplicación conlleva. Se trata de sustancias neurotóxicas que actúan a nivel del 
sistema  nervioso  central  afectando  a  enzimas  cruciales  para  la  vida.  Aparentemente  todos 
comparten un mecanismo común de inhibición de la enzima colinesterasa (se sabe que actúan 
a través de  la  fosforilación de  la enzima acetilcolinesterasa en  las terminaciones nerviosas) y 
puede ser absorbido por  inhalación,  ingestión y penetración dérmica. Aunque en general,  los 
insecticidas organosfosfatos  comparten estos mecanismos de penetración,  algunos  son más 
fácilmente  metabolizables  que  otros;  por  ejemplo  los  lindanos  que  se  metabolizan  como 
sustancias  hidrosolubles  (clorobencenos  y  clorofenoles)  fácilmente  excretables  por  el 
organismo (Anwar et al., 2009; Latifi et al., 2012; Sasikala et al., 2012). 
Aunque  los pesticidas han sido diseñados para ofrecer una alta especificidad de acción, 
su  uso  y  sobre  todo,  su  elevada  persistencia  en  el medioambiente  conlleva  innumerables 
efectos  indeseados  como  la  generación  de  organismos  resistentes,  la  alteración  de  los 
equilibrios  existentes  en  las  cadenas  tróficas  normales  de  organismos  fijadores  de materia 
orgánica y de nitrógeno así como de otras especies vitales para el ambiente como por ejemplo, 
algo  tan  sencillo  pero  tan  importante  como  los  polinizadores,  indispensables  para  la 
proliferación de la mayoría de las especies vegetales (Pino et al., 2011). 
En particular, la contaminación de los cursos de agua se puede producir: 
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 bien de forma directa por la aplicación de pesticidas a cultivos que tengan lugar 
en zonas encharcadas, como ocurre en los arrozales, 
 por lavado de envases o equipos en los cauces naturales así como por descarga 
de remanentes o residuos, 
 por  filtración  de  lixiviados  procedentes  suelos  contaminados  o  del  propio 
contaminante, que normalmente por escorrentía acaban en los acuíferos. 
Cualquiera que sea el modo de contaminación de las aguas, éstas rápidamente propagan 
el tóxico a  la flora y fauna pudiendo producir  la muerte de especies, así como  la pérdida del 
curso de agua como recurso utilizable. Así se refleja en la legislación autonómica, en la recién 
aprobada  Ley  de Aguas  de Galicia  9/2010,  que  recoge  explícitamente  en  su  apartado V,  la 
concentración máxima  admisible  en  agua  (g/L)  para  determinados  pesticidas,  entre  ellos: 
aldrin no detectable, atrazina 2, clorfenvinfós 0,3, clorpirifos 0,1, DDT no detectable, diurón 
1,8, endosulfan, 0,004, entre otros. 
Una  vez  introducida  la  problemática  ambiental  debida  al  abuso  desmesurado  de  la 
aplicación de este tipo de compuestos, se seleccionará un insecticida organofosforado modelo 
(clorpirifos) por ser unos de los más utilizados en la zona de Galicia (según el informe facilitado 
por la Xunta de Galicia en el año 2010) dado el tipo de cultivos mayoritarios que se dan en esta 
comunidad,  motivo  por  el  que  se  considera  interesante  evaluar  nuevas  técnicas  de 
biorremediación para su eliminación. 
El  clorpirifos  (CP),  O,  O‐dietil‐O‐3,5,6‐tricloro‐2‐pyridil  fosforotioato,  es  un  éster  de 
amplio espectro utilizado muy comúnmente en la agricultura, donde está clasificado como uno 
de  los  insecticidas  organofosforados más  utilizados  para  el  control  de  pestes  y,  en menor 
medida, para su uso doméstico; según  la Agencia de Protección Ambiental, USEPA, en el año 
2004 un 11% de  los pesticidas aplicados se basan en el clorpirifos. La aplicación de clorpirifos 
se  ha  descrito  para  el  control  de  plagas  de  cochinillas, moscas  blancas,  orugas  y  algunos 
escarabajos  en  cultivos  de maíz  y  frutales  como  naranjos  y manzanos.  Se  suele  aplicar  en 
forma de rocío ya que no es muy soluble en agua, de manera que generalmente se mezcla con 
líquidos aceitosos antes de su aplicación. En el hogar, se usa para controlar cucarachas, pulgas, 
y termitas; también se usa en ciertos collares de animales domésticos para controlar pulgas y 
garrapatas.  Tanto  su  estructura,  como  la  de  su  principal  producto  de  descomposición  se 
presentan en la siguiente figura (Figura 1.9): 
Chapter 1 
1‐33 
 
Figura 1.9: Estructura de a) clorpirifos y b) 3,5,6‐tricloro‐2‐piridinol (TCP). 
 
Se  trata  de  un  sólido  blanquecino‐cristalino  con  un  olor  penetrante.  Entre  sus 
propiedades  químicas  y  físicas  que  condicionan  fundamentalmente  su  biodegradabilidad, 
conviene  reseñar que  tiene un punto de  fusión de 43°C y aunque  su  solubilidad en agua es 
muy baja (2 mg/L), se disuelve bien en disolvente orgánicos. 
Medioambientalmente,  es  uno  de  los  insecticidas  más  ampliamente  estudiados, 
encontrándose  que  su  vida  media  en  el  suelo  puede  variar  entre  los  10  y  120  días, 
dependiendo  de  diversos  factores  como  el  pH  y  la  temperatura.  Se  trata  pues  de  un 
compuesto difícilmente degradable debido principalmente a  la complejidad de su estructura 
pero  también  quizás  a  la  toxicidad  de  su  principal  producto  de  descomposición,  el  3,5,6‐
tricloro‐2‐piridinol (TCP), y al elevado tiempo de vida media que éste tiene, de entre 65 y 360 
días en el suelo (Lakshmi et al., 2009; Vidya‐Lakshmi et al., 2009; Pino et al., 2011; Maya et al., 
2011). Aun así  la bibliografía  refleja  la existencia de microorganismos, en general bacterias, 
capaces  de  degradar  este  insecticida,  si  bien  en  algunos  casos  no  es  utilizado  como  única 
fuente  de  carbono,  sino  cometabolizado  junto  con  otros  compuestos.  Ejemplos  de 
microorganismos  con  capacidad  degradadora  son,  por  ejemplo,  Flavobacterium  sp.,  y 
Artrobacter  sp.  que  degradan  clorpirifos  cometabólicamente  (Mallick  et  al.,  1999;  Vidya‐
Lakshmi  et  al.,  2009)  y  Enterobacter  sp.  (Singh  et  al.,  2003;  Singh  et  al.,  2004;  Singh  et  al., 
2006),  Alcaligenes  faecalis  y  Klebesia  sp.  que  lo  degradan  y  utilizan  como  única  fuente  de 
carbono  (Yang  et  al.,  2006;  Ghanem  et  al.,  2007).  Alcaligenes  faecalis  (Yang  et  al.,  2006), 
Bacillus pumilus que tal y como indican Anwar et al., 2009, son capaces de degradar el 90% de 
clorpirifos  en  15  días,  Pseudomonas  aeruginosa,  Bacillus  cereus,  Klebsiella  sp,  Serratia  sp. 
(Vidya‐Lakshmi et al., 2009), Sphingomonas  sp.(Li et al., 2007) Pseudomonas  stutzeri  (Seo et 
al., 2007) entre otros. 
Cabe mencionar que por  ser un  compuesto  recalcitrante de baja  solubilidad  en  agua, 
esto  es,  con  tendencia  hidrofóbica,  es  probable  la  necesidad  de  añadir  algún  agente  con 
a b
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capacidad  solubilizante  en  el  proceso  como  pueden  ser  el  uso  de  surfactantes,  práctica 
habitual en procesos de biorremediación de compuestos de este tipo. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 1 
1‐35 
1.5 BIBLIOGRAFIA 
Aguilera‐Herrador,  E.,  Lucena,  R.,  Trullols,  E.,  Cárdenas,  S.,  Valcárcel,  M.  (2006) 
Continuous  flow  configuration  for  total  grease  and  surfactant  determination  in  industrial 
degreasing baths. Analytica Chimica Acta 561, 78‐82. 
Aitken,  M.,  D.,  Stringfellow,  W.T.,  Nagel,  R.D.,  Kazunga,  C.,  Chen,  S.H.  (1998) 
Characteristics  of  phenanthrene‐degrading  bacteria  isolated  from  soils  contaminated  with 
polycyclic aromatic hydrocarbons. Canadian Journal of Microbiology 44, 743‐752. 
Aktar, M. W., Sengupta, D., Chowdhury, A. (2009) Impact of pesticides use in agriculture: 
their benefits and hazards. Interdisciplinary Toxicology 2, 1‐12. 
Alexander, M.  (1995) How toxic are toxic chemicals  in soil? Environmental Science and 
Technology 29, 2713‐2717. 
Anastasi, A., Spina, F., Prigione, V., Tigini, V., Giansanti, P., Varese, G.C. (2010) Scale‐up of 
a  bioprocess  for  textile  wastewater  treatment  using  Bjerkandera  adusta.  Bioresource 
Technology 101, 3067‐3075. 
Anderson, J. E., Kim B. R., Mueller, S. A., Lofton, T. V. (2003) Composition and analysis of 
mineral  oils  and  other  organic  compounds  in  metalworking  and  hydraulic  fluids.  Critical 
Reviews in Environmental Science and Technology 33, 73‐109. 
Anwar,  S.,  Liaquat,  F.,  Khan,  Q. M.,  Khalid,  Z. M.,  Iqbal,  S.  (2009)  Biodegradation  of 
chlorpyrifos  and  its  hydrolysis  product  3,5,6‐trichloro‐2‐pyridinol  by  Bacillus  pumilus  strain 
C2A1. Journal of Hazardous Materials 168, 400‐405. 
Arun,  A.,  Eyini,  M.  (2011)  Comparative  studies  on  lignin  and  polycyclic  aromatic 
hydrocarbons degradation by basidiomycetes fungi. Bioresource Techology, 8063‐8070. 
Avramova, T., Sotirova, A., Galabova, D., Karpenko, E. (2008) Effect of Triton X‐100 and 
rhamnolipid PS‐17 on  the mineralization of phenanthrene by Pseudomonas  sp.  International 
Biodeterioration & Biodegradation 62, 415‐420. 
Baboshin,  M.,  Golovleva,  L.  (2011)  Multisubstrate  kinetics  of  PAH  mixture 
biodegradation: analysis in the double‐logarithmic plot. Biodegradation 22, 13‐23. 
Bae,  J.S.,  Freeman,  H.S.  (2007)  Aquatic  toxicity  evaluation  of  new  direct  dyes  to  the 
Daphnia magna. Dyes & Pigments 73, 81‐85. 
Bafana, A.,  Chakrabarti,  T., Muthal,  P.,  Kanade, G.  (2009) Detoxification  of  benzidine‐
based azo dye by E. gallinarum: time‐course study. Ecotoxicology & Environtal Safety 72, 960‐
964. 
Banat, I.M., Nigam, P., Singh, D., Marchant, R. (1996) Microbial decolorization of textile 
dye‐ containing effluents: a review. Bioresource Technology 58, 217‐227. 
Introducción 
1‐36 
Bautista, L.F., Sanz, R., Molina, M.C., González, N., Sánchez, D. (2009) Effect of different 
non‐ionic surfactants on the biodegradation of PAHs by diverse aerobic bacteria. International 
Biodeterioration & Biodegradation 63, 913‐922. 
Bhatt, N., Patel, K. C., Keharia H., Madamwar, D.  (2005) Decolourisation of di‐azo dye 
Reactive Blue 172 by Pseudomonas aeruginosa NBAR12. Journal of Basic Microbiology 45, 407‐
418. 
Bishnoi,  K.,  Kumar,  R.,  Bishnoi,  N.R.  (2008)  Biodegradation  of  polycyclic  aromatic 
hydrocarbons  by white  rot  fungi  Phanerochaete  chrysosporium  in  sterile  and  unsterile  soil. 
Journal of Scientific & Industrial Research 67, 538‐542. 
Boonyakamol, A.,  Imai, T., Chairattanamanokorn, P., Higuchi, T.,  Sekine, M., Ukita, M. 
(2009) Reactive Blue 4 decolorization under mesophilic and thermophilic anaerobic treatment. 
Applied Biochemistry & Biotechnology 152, 405‐417. 
Bruzzoniti,  M.  C.,  Fungi,  M.,  Sarzaninia,  C.  (2010)  Determination  of  EPA’s  priority 
pollutant polycyclic aromatic hydrocarbons  in drinking waters by solid phase extraction‐HPLC 
Analytical Methods 2, 739‐745. 
Cajthaml,  T.,  Erbanová,  P.,  Kollmann,  A.,  Novotný,  Č.,  Šašek,  V.,  Mougin,  C.  (2008) 
Degradation of PAHs by ligninolytic enzymes of Irpex lacteus. Folia Microbiologica 53, 289‐294. 
Cao, B., Nagarajan, K., Loh, K.C. (2009) Biodegradation of aromatic compounds: current 
status and opportunities for biomolecular approaches. Applied Microbiology & Biotechnology 
85, 207‐228. 
Cheema, S.A., Imran, K., M., Shen, C., Tang, X., Farooq, M., Chen, L., Zhang, C., Chen, Y. 
(2010) Degradation of phenanthrene and pyrene in spiked soils by single and combined plants 
cultivation. Journal of Hazardous Materials 177, 384‐389. 
Chen, B. Y., Chang J. S. (2007) Assessment upon species evolution of mixed consortia for 
azo dye decolorization. Journal of the Chinese Institute of Chemical Engineers 38, 259‐266. 
Chen, B. Y., Lin, K. W., Wang, Y. M., Yen, C. Y.  (2009a) Revealing  interactive  toxicity of 
aromatic amines to azo dye decolorizer Aeromonas hydrophila. Journal of Hazardous Materials 
166, 187‐194. 
Chen, B., Wang, Y., Hu, D. (2010) Biosorption and biodegradation of polycyclic aromatic 
hydrocarbons  in aqueous solutions by a consortium of white‐rot  fungi.  Journal of Hazardous 
Materials 179, 845‐851. 
Chen, H., Xu, H., Heinze  T. M., Cerniglia C.  E.  (2009b) Decolorization of water  and oil 
soluble  azo  dyes  by  Lactobacillus  acidophilus  and  Lactobacillus  fermentum.  Journal  of 
Industrial Microbiology & Biotechnology 36, 1459‐1466. 
Chapter 1 
1‐37 
Chen,  J.  L., Wong, M.  H., Wong  Y.  S.,  Tama,  N.  F.  Y.  (2011) Modeling  sorption  and 
biodegradation of phenanthrene in mangrove sediment slurry. Journal of Hazardous Materials 
190, 409‐415. 
Chen, K. C., Wu, J. Y., Liou, D. J., Wang, C. J. S. H. (2003) Decolorization of the textile dyes 
by newly isolated bacterial strains. Journal of Biotechnology 101, 57‐68. 
Cheng, C., Phipps, D., Alkhaddar, R.M.  (2005). Treatment of spent metalworking  fluids. 
Water Research 39, 4051‐4063. 
Cheng,  C.,  Phipps,  D.,  Alkhaddar,  R.  M.  (2006)  Thermophilic  aerobic  wastewater 
treatment of waste metalworking fluids. Water and Environment Journal 20, 227‐232. 
Christie, R.M. (2001) Colour chemestry. RSC Paperbacks. The Royal Society of Chemestry. 
Cambridge. 
Christie,  R.M.  (2007)  Environmental  aspects  of  textile  dyeing.  Woodhead  Publishing 
Limited. Cambridge. 
Chupungars,  K.,  Rerngsamran,  P.,  Thaniyavarn,  S.  (2009)  Polycyclic  aromatic 
hydrocarbons  degradation  by  Agrocybe  sp.  CU‐43  and  its  fluorene  transformation. 
International Biodeterioration & Biodegradation 63, 93‐99. 
Covino,  S.,  Svobodová,  K.,  Křesinová,  Z.,  Petruccioli,  M.,  Federici,  F.,  D'Annibale,  A., 
Čvančarová, M.,  Cajthaml,  T.  (2010)  In  vivo  and  in  vitro  polycyclic  aromatic  hydrocarbons 
degradation by Lentinus (Panus) tigrinus CBS 577.79 Bioresource Technology 101, 3004‐3012. 
Dafale, N., Rao, N. N., Meshram, S. U., Wate, S. R. (2008) Decolorization of azo dyes and 
simulated  dye  bath wastewater  using  acclimatized microbial  consortium‐biostimulation  and 
halo tolerance. Bioresource Technology 99, 2552‐2258. 
Dawkar, V. V., Jadhav, U. U., Ghodake, G. S., Govindwar, S. P. (2009) Effect of inducers on 
the decolorization and biodegradation of  textile azo dye Navy Blue 2GL by Bacillus  sp. VUS. 
Biodegradation 20, 777‐787. 
Dean‐Ross,  D.,  Moody,  J.,  Cerniglia,  C.E.  (2002)  Utilization  of  mixtures  of  polycyclic 
aromatic hydrocarbons by bacteria isolated from contaminated sediment. FEMS Microbiology 
Ecology 41, 1‐7. 
Debarati,  P.,  Pandey  G.,  Pandey  J.,  Jain,  R.K.  (2005)  Accessing microbial  diversity  for 
bioremediation and environmental restoration. Trends in Biotechnolology 17, 135‐142. 
Dhanve, R. S., Shedbalkar, U. U., Jadhav, J. P (2008) Biodegradation of di‐azo reactive dye 
Navy Blue HE2R (Reactive blue 172) by an Isolated Exiguobacterium sp. RD3. Biotechnology & 
Bioprocess Engineering 13, 53‐60. 
Introducción 
1‐38 
Domínguez,  A.,  Rodríguez‐Couto,  S.,  Sanromán,  M.A.  (2005)  Dye  decolorization  by 
Trametes  hirsute  immobilized  into  alginate  beads.  World  Journal  of  Microbiology  & 
Biotechnology 21, 405‐409. 
Domínguez,  A.,  Gómez,  J,  Lorenzo, M.,  Sanromán,  A.  (2007)  Enhanced  production  of 
laccase  activity  by  Trametes  versicolor  immobilized  into  alginate  beads  by  the  addition  of 
different inducers. World Journal of Microbiology & Biotechnology 23, 367‐373. 
Domíngez,  A.  (2008)  Producción  y  aplicaciones  medioambientales  de  enzimas 
ligninolíticas y lipolíticas. Universidad de Vigo (España), Tesis Doctoral. 
Duque A.F., Bessa, V.S., Carvalho, M.F., de Kreuk, M.K., van Loosdrecht, M.C.M., Castro, 
P.M.L.  (2011) 2‐Fluorophenol degradation by  aerobic  granular  sludge  in  a  sequencing batch 
reactor. Water Research 45, 6745‐6752. 
Evangelista‐Barreto, N. S., Albuquerque, C. D., Vieira R. H. S. F., Campos‐Takaki, G. M. 
(2009)  Cometabolic  decolorization  of  the  reactive  azo  dye  Orange  II  by  Geobacillus 
stearothermophilus UCP 986. Textile Research Journal 79, 1266‐1273. 
Feijoo‐Siota, L., Rosa‐Dos‐Santos, F., de Miguel, T., Villa, T. G.  (2008) Biodegradation of 
naphthalene  by  Pseudomonas  stutzeri  in marine  environments:  testing  cells  entrapment  in 
calcium alginate for use in water detoxification. Bioremediation Journal 12, 185‐192. 
Fernández‐Luqueño, F., Valenzuela‐Encinas, C., Marsch, R., Martínez‐Suárez, C., Vázquez‐
Núñez, E., Dendooven, L. (2011) Microbial communities to mitigate contamination of PAHs  in 
soil‐possibilities and challenges: a review. Environmental Science & Pollution Research 18, 12‐
30. 
Forgacs, E., Cserhatia T., Oros, G. (2004) Removal of synthetic dyes from wastewaters: a 
review. Environment International 30, 953‐971. 
Fulekar, M.H. (2010) Environmental biotechnology. CRC Press, Enfield, USA. 
Ghanem, I., Orfi, M., Shamma, M. (2007) Biodegradation of chlorpyrifos by Klebsiella sp. 
isolated  from an activated sludge sample of waste water  treatment plant  in Damascus. Folia 
Microbiologica 52, 423‐427. 
Ghodake, G.  S., Telke, A. A.,  Jadhav  J. P., Govindwar S. P.  (2009) Potential of Brassica 
juncea  in  order  to  treat  textile  effluent  contaminated  sites.  International  Journal  of 
Phytoremediation 11, 297‐312. 
Gilbert,  Y.,  Veillette,  M.,  Duchaine,  C.  (2010)  Metalworking  fluids  biodiversity 
characterization. Journal of Applied Microbiology 108, 437‐449. 
Glenn, T.F., van Antwerpen, F. (2004). Opportunities and market trends in metalworking 
fluids. Lubrication Engineering 54, 31‐34. 
Chapter 1 
1‐39 
Gomare, S. S., Govindwar, S. P (2009) Brevibacillus laterosporus MTCC 2298: a potential 
azo dye degrader. Journal of Applied Microbiology 106, 993‐1004. 
Gómez,  J.,  Rodríguez‐Solar,  D.,  Pazos,  M.,  Sanromán,  M.A.  (2006)  Applicability  of 
Coriolopsis  rigida  for  biodegradation  of  polycyclic  aromatic  hydrocarbons.  Biotechnology 
Letters 28, 1013‐1017. 
Gómez,  S.  (2011)  Desarrollo  de  un  tratamiento  integral  de  remediación  de  suelos 
contaminados por hidrocarburos aromáticos policíclicos. Universidad de Vigo  (España), Tesis 
Doctoral. 
Gopinath, K. P., Murugesan, S., Abraham, J., Muthukumar K. (2009). Bacillus sp. mutant 
for  improved  biodegradation  of  Congo  Red:  Random  Mutagenesis  approach.  Bioresource 
Technology 100, 6295‐6300.  
Gottfried, A., Singhal, N., Elliot, R., Swift, S. (2010) The role of salicylate and biosurfactant 
in  inducing  phenanthrene  degradation  in  batch  soil  slurries.  Applied  Microbiology  & 
Biotechnology 86, 1563‐1571. 
Gou, M., Qu, Y., Zhou,  J., Ma F., Tan L.,  (2009) Azo dye decolorization by a new  fungal 
isolate, Penicillium sp. QQ and fungal‐bacterial cocultures. Journal of Hazardous Materials 170, 
314‐319. 
Guo, W.,  Li,  D.,  Tao,  Y.,  Gao,  P.,  Hu,  J.  (2008)  Isolation  and  description  of  a  stable 
carbazole‐degrading  microbial  consortium  consisting  of  Chryseobacterium  sp.  NCY  and 
Achromobacter sp. NCW. Current Microbiology 57, 251‐257. 
Guieysse,  B.,  Bernhoft,  I.,  Andersson,  B.E.,  Henrysson,  T.,  Olsson,  S.,  Mattiasson,  B. 
(2000)  Degradation  of  acenaphthene,  phenanthrene  and  pyrene  in  a  packed‐  bed  biofilm 
reactor. Applied Microbiology & Biotechnology 54, 826‐831. 
Guieysse, B.,  Cirne, M., Mattiasson,  B.  (2001) Microbial  degradation  of  phenanthrene 
and  pyrene  in  a  two  liquid  phase  partitioning  bioreactor.  Applied  Microbiology  &. 
Biotechnology 56, 796‐802. 
Herrygers, V.,  Langenhove, H.V.,  Smet,  E.  (2000)  Environmental  Technologies  to  treat 
sulphur  pollution.  In:  P.  Lens,  L.H.  Po  (eds)  Principles  and  engineering.  International Water 
association, London, 281‐304. 
Hong, Y.W., Yuan, D.X., Lin, Q. M., Yang, T.L. (2008) Accumulation and biodegradation of 
phenanthrene and  fluoranthene by  the algae enriched  from a mangrove aquatic ecosystem. 
Marine Pollution Bulletin 56, 1400‐1405. 
Horel,  A.,  Schiewer,  S.  (2009)  Investigation  of  the  physical  and  chemical  parameters 
affecting biodegradation of diesel and synthetic diesel  fuel contaminating Alaskan soils. Cold 
Regions Science & Technology 58, 113‐119. 
Introducción 
1‐40 
Huesemann, M.H., Hausmann, T.S., Fortman, T.J., Thom, R.M., Cullinan, V. (2009) In situ 
phytoremediation  of  PAH‐  and  PCB‐contaminated marine  sediments with  eelgrass  (Zostera 
marina). Ecological Engineering 35, 1395‐1404. 
Iwashita, S., Callahan, T.P., Haydu, J., Wood, T.K. (2004) Mesophilic aerobic degradation 
of a metal lubricant by a biological consortium. Applied Microbiology & Biotechnology 65, 620‐
626. 
Janbandhu,  A.,  Fulekar,  M.H.  (2011)  Biodegradation  of  phenanthrene  using  adapted 
microbial  consortium  isolated  from  petrochemical  contaminated  environment.  Journal  of 
Hazardous Materials 187, 333‐340. 
Jacques,  R.  J.  S., Okeke,  B.,  Bento,  F. M.,  Peralba, M.  C.  R.,  Camargo,  F.A. O.  (2009) 
Improved  enrichment  and  isolation  of  Polycyclic  Aromatic  Hydrocarbons  (PAH)‐degrading 
microorganisms insSoil using anthracene as a model PAH. Current Microbiology 58, 628–634. 
Janikowski,  T.B.,  Velicogna,  D.,  Punt,  M.,  Daugulis,  A.J.  (2002)  Use  of  a  two‐phase 
partitioning bioreactor for degrading polycyclic aromatic hydrocarbons by a Sphingomonas sp. 
Applied Microbiology & Biotechnology 59, 368–376. 
Jain, K., Shah, V., Chapla, D., Madamwar, D.  (2012) Decolorization and degradation of 
azo dye ‐Reactive Violet 5R by an acclimatized indigenous bacterial mixed cultures‐SB4 isolated 
from anthropogenic dye contaminated soil. Journal of Hazardous Materials 213, 378‐386. 
Jadhav,  S. U.,  Jadhav, M. U., Kagalkar, A. N., Govindwar,  S. P  (2008) Decolorization of 
Brilliant Blue G  dye mediated  by  degradation  of  the microbial  consortium  of Galactomyces 
geotrichum and Bacillus sp. Journal of the Chinese Institute of Chemical Engineers 39, 563‐570. 
Jegan,  J.,  Vijayaraghavan,  K.,  Senthilkumar,  R.,  Velan,  M.  (2010)  Naphthalene 
degradation kinetics of Micrococcus  sp.,  isolated  from activated  sludge. Clean Soil Air Water 
38, 837‐842. 
Jiang, Y.F., Wang, X.T., Wang, F.,  Jia, Y., Wu, M.H., Sheng, G.Y., Fu,  J.M.  (2009) Levels, 
composition  profiles  and  sources  of  polycyclic  aromatic  hydrocarbons  in  urban  soil  of 
Shanghai, China. Chemosphere 75, 1112‐1118. 
Jin, R., Yang, H., Zhang A., Wang  J.,Liu G.  (2009) Bioaugmentation on decolorization of 
C.I. Direct Blue 71 by using genetically engineered  strain Escherichia coli  JM109  (pGEX‐AZR). 
Journal of Hazardous Materials 163, 1123‐1128. 
Jirasripongpun,  K., Nasanit, R., Niruntasook,  J., Chotikasatian, B.  (2007) Decolorization 
and Degradation of C.I. Reactive Red 195 by Enterobacter sp. Thammasat. International Journal 
of Science Technology 12, 6‐11. 
Chapter 1 
1‐41 
Joshi, T.,  Iyengar, L., Singh K., Garg, S. (2008)  Isolation,  identification and application of 
novel  bacterial  consortium  TJ‐1  for  the  decolourization  of  structurally  different  azo  dyes. 
Bioresource Technology 99, 7115‐7121. 
Kahng, H., Nam, K., Kukor, J. J., Yoon, B.J., Lee, D. H., Oh, D.C., Kam, S.K., Oh, K.H. (2002) 
PAH utilization by Pseudomonas rhodesiae KK1 isolated from a former manufactured‐gas plant 
site. Applied Microbiology & Biotechnology 60, 475‐480. 
Kalyani, D. C., Telke, A. A, Dhanve R. S.,  Jadhav,  J. P  (2008) Ecofriendly biodegradation 
and  detoxification  of  Reactive  Red  2  textile  dye  by  newly  isolated  Pseudomonas  sp.  SUK1. 
Journal of Hazardous Materials 163, 735‐742. 
Khanna, P., Goyal, D., Khanna, S. (2011) Pyrene degradation by Bacillus pumilus isolated 
from crude oil contaminated soil. Polycyclic aromatic compounds 31, 1‐15. 
Kaushik,  P., Malik,  A.  (2009)  Fungal  dye  decolourization:  Recent  advances  and  future 
potential. Environment International 35, 127‐141. 
Khehra, M. S., Saini, H. S., Sharma D. K., Chadha B. S., Chimni, S. S. (2005) Comparative 
studies on potential of  consortium and  constituent pure bacterial  isolates  to decolorize azo 
dyes. Water Research 39, 5135‐5131. 
Khehra,  M.  S.,  Saini,  H.  S.,  Sharma,  D.  K.,  Chadha,  B.  S.,  Chimni,  S.  S.  (2006) 
Biodegradation of azo dye C.I. Acid Red 88 by an anoxic–aerobic sequential bioreactor. Dyes & 
Pigments 70, 1‐7. 
Kim, J.D., Lee, C.G. (2007) Microbial degradation of polycyclic aromatic hydrocarbons  in 
soil by bacterium‐fungus co‐cultures. Biotechnology & Bioprocess Engineering 12, 410‐416. 
Kim Y. M., Ahn, C. K., Wood, S. H., Jung, G. Y., Park, J., M. (2009) Synergic degradation of 
phenanthrene by consortia of newly  isolated bacterial strains.  Journal of Biotechnology 144, 
293‐298. 
Klankeo,  P.,  Nopcharoenkul,  W.,  Pinyakong,  O.  (2009)  Two  novel  pyrene‐degrading 
Diaphorobacter  sp.  and  Pseudoxanthomonas  sp.  isolated  from  soil.  Journal  of  Bioscience & 
Bioengineering 108, 488‐495. 
Knapp, J.S., Bromley–Challoner, K.C.A. (2003) Recalcitrant organic compounds, pp. 559‐
595.  En  handbook  of  Water  and  Wastewater  Microbiology  (Ducan,  M.,  Nigel,  H.  eds.). 
Academic Press, London. 
Kobayashi,  T.,  Murai,  Y.,  Tatsumi,  K.,  Iimura,  Y.  (2009)  Biodegradation  of  polycyclic 
aromatic hydrocarbons by  Sphingomonas  sp. enhanced by water‐extractable organic matter 
from manure compost. Science of the Total Environment 407, 5805‐5810. 
Kolekar, Y. M., Pawar, S. P., Gawai, K. R., Lokhande, P. D.,  Shouche, Y. S., Kodam, K. M. 
(2008) Decolorization  and  degradation  of  disperse Blue  79  and Acid Orange  10,  by Bacillus 
Introducción 
1‐42 
fusiformis KMK5  isolated  from the textile dye contaminated soil. Bioresource Technology 99, 
8999‐9003. 
Kumar, K., Devi, S. S., Krishnamurthi, Dutta, K. D., Chakrabarti, T.  (2007) Decolorization 
and  detoxification  of Direct  Blue‐15  by  a  bacterial  consortium.  Bioresource  Technology  98, 
3168‐3171. 
Kveseth, K.,  Sortland, B., Bokn,  T.  (1982) Polycyclic  aromatic hydrocarbons  in  sewage, 
mussels and tap water. Chemosphere 11, 623‐639. 
Lafortune,  I.,  Juteau, P., Dézie, E., Lépine, F., Beaudet, R., Villemur, R.  (2009) Bacterial 
diversity of a consortium degrading High‐Molecular‐Weight Polycyclic Aromatic Hydrocarbons 
in a two‐liquid phase biosystem. Microbial Ecology 57,455‐468. 
Lakshmi,  C.V.,  Kumar, M.,  Khanna,  S.  (2009)  Biodegradation  of  chlorpyrifos  in  soil  by 
enriched cultures. Current Microbiology 58, 35‐38. 
Latifi, A. M., Khodi, S., Mirzaei, M., Miresmaeili, M., Babavalian, H. (2012)  Isolation and 
characterization of  five  chlorpyrifos degrading bacteria. African  Journal of Biotechnology 11, 
3140‐3146. 
Lau K.L., Tsang, Y.Y., Chiu, S.W. (2003) Use of spent mushroom compost to bioremediate 
PAH‐contaminated samples, Chemosphere 52, 1539‐1546. 
Lee, S.H., Lee, W.S., Lee, C.H., Kim, J.G. (2008) Degradation of phenanthrene and pyrene 
in rhizosphere of grasses and legumes. Journal of Hazardous Materials 153, 892‐898. 
Lei, A. P., Hu, Z. L., Wong, Y. S., Tam, N. F.Y. (2007) Removal of fluoranthene and pyrene 
by different microalgal species. Bioresource Technology 98, 273‐280. 
Li, C.H., Wong, Y.S., Tam, N.F.Y. (2010) Anaerobic biodegradation of polycyclic aromatic 
hydrocarbons  with  amendment  of  iron  (III)  in  mangrove  sediment  slurry.  Bioresource 
Technology 101, 8083‐8092. 
Lin, J., Zhang, X., Li, Z., Lei, L.  (2010) Biodegradation of Reactive Blue 13  in a two‐stage 
anaerobic/aerobic  fluidized  beds  system  with  a  Pseudomonas  sp.  isolate.  Bioresource 
Technology 101, 34‐40. 
Liu  P.W.G.,  Chang  T.C.,  Whang,  L.M.,  Kao  C.H.,  Pan  P.T.,  Cheng  S.S.  (2011) 
Bioremediation  of  petroleum  hydrocarbon  contaminated  soil:  Effects  of  strategies  and 
microbial community shift. International Biodeterioration & Biodegradation 65, 1119‐1127. 
Li, X., He, J., Li, S. (2007) Isolation of chlorpyrifos degrading bacterium, Sphingomonas sp. 
strain Dsp‐2, and cloning of the mpd gene. Research in Microbiology 158, 143‐149. 
Lu, M., Zhang, Z., Sun, S., Wei, X., Wang, Q., Su, Y. (2010) The use of goosegrass (Eleusine 
indica) to remediate soil contaminated with petroleum. Water, Air & Soil Pollution 209, 181‐
189. 
Chapter 1 
1‐43 
Mackay,  D.,  Shiu,  W.Y.,  Ma,  K.C.,  Lee,  S.C.  (2006)  Illustrated  handbook  of  physical‐
chemical  properties  and  environmental  fate  of  organic  compounds,  vol.  1.  CRC  Press, Boca 
Raton, FL. 
Madueno,  L.,  Coppotelli,  B.M.,  Alvarez,  H.M.,  Morelli,  I.S.  (2011)  Isolation  and 
characterization of  indigenous soil bacteria for bioaugmentation of PAH contaminated soil of 
semiarid Patagonia, Argentina. International Biodeterioration & Biodegradation 65, 345‐351. 
Mahanty,  B.,  Pakshirajan,  K.,  Dasu,  V.V.  (2011)  Understanding  the  complexity  and 
strategic evolution  in PAH remediation research. Critical Reviews  in Environmental Science & 
Technology 41, 1697‐1746. 
Mallick,  K.,  Bharati,  K.,  Banerji,  A.,  Shakil,  N.A.,  Sethunathan,  N.  (1999)  Bacterial 
degradation  of  chlorpyrifos  in  pure  cultures  and  in  soil.  Bulletin  of  Environmental 
Contamination & Toxicology 62, 48‐54. 
Manu, B., Chaudhari, S. (2003) Decolorization of  indigo and azo dyes  in semicontinuous 
reactors with long hydraulic retention time. Process Biochemistry 38, 1213‐1221. 
Marcoux,  J.,  Deziel,  E.,  Villemur,  R.,  Lepine,  F.,  Bisaillon,  J.G.,  Beaudet,  R.  (2000) 
Optimization  of  high‐molecular‐weight  polycyclic  aromatic  hydrocarbons'  degradation  in  a 
two‐liquid‐phase bioreactor. Journal of Applied Microbiology 88, 655‐662.  
Maya,  K.,  Singh,  R.S.,  Upadhyay,  S.N.,  Dubey,  S.  K.  (2011)  Kinetic  analysis  reveals 
bacterial  efficacy  for  biodegradation  of  chlorpyrifos  and  its  hydrolyzing  metabolite  TCP. 
Process Biochemistry 46, 2130‐2136. 
Moldes,  D.,  Sanromán,  A.  (2006)  Amelioration  of  the  ability  to  decolorize  dyes  by 
laccase: relationship between redox mediators and laccase isoenzymes in Trametes versicolor. 
World Journal of Microbiology & Biotechnology 22, 1197‐1204. 
Muszynski,  A.,  Załeska‐Radziwiłł, M.,  Łebkowska, M., Nowak, D.  (2007)  Biological  and 
electrochemical  treatment  of  used  metalworking  fluids:  a  toxicity‐reduction  evaluation. 
Archives of Environmental Contamination & Toxicology 52, 483‐488. 
Nasseri,  S.,  Rezaei‐Kalantary,  R., Nourieh, N., Naddafi,  K., Mahvi,  A.H.,  Baradaran., N. 
(2010) Influence of bioaugmentation in biodegradation of PAHs contaminated soil in bioslurry 
phase reactor. Iranian Journal of Environmental Health Science & Engineering 7, 199‐208. 
Obayori, O.S., Llori, M. O., Adebusoye, S.A., Oyetibo, G.O., Amund, O.O. (2008) Pyrene‐
degradation  potentials  of  Pseudomonas  species  isolated  from  polluted  tropical  soils. World 
Journal of Microbiology & Biotechnology 24, 2639‐2646. 
Onodera,  S.  (2010)  Formation  mechanism  and  chemical  safety  of  nonintentional 
chemical  substances  present  in  chlorinated  drinking water  and wastewater.  Journal  of  the 
Pharmaceutical Society of Japan 130, 1157‐1174. 
Introducción 
1‐44 
Orozco,  C.,  Pérez,  A.,  González,  M.N.,  Rodríguez,  F.J.,  Alfayate,  J.M.  (2003) 
Contaminación ambiental: una visión desde la química. In Thomson, Madrid, Spain. 
Pandey, A., Singh, P.,  Iyengar, L. (2007) Bacterial decolorization and degradation of azo 
dyes. International Biodeterioration & Biodegradation 59, 73‐84. 
Pathak,  H.,  Jain,  P.,  Jaroli,  D.P.,  Lowry, M.,  (2008)  Degradation  of  phenanthrene  and 
anthracene by Pseudomonas strain isolated from coastal area. Bioremediation 12, 111‐116. 
Pazos, M., Rosales, E., Alcántara, T., Gómez, J., Sanromán, M.A., 2010. Decontamination 
of soils containing PAHs by electroremediation: A review. Journal of Hazardous Materials 177, 
1‐11.  
Pino,  N.,  Peñuela,  G.  (2011)  Simultaneous  degradation  of  the  pesticides  methyl 
parathion  and  chlorpyrifos  by  an  isolated  bacterial  consortium  from  a  contaminated  site. 
International Biodeterioration & Biodegradation 65, 827‐831. 
Prasanna,  D.,  Venkata  Mohan,  S.,  Purushotham  Reddy  B.,  Sarma  P.N.  (2008) 
Bioremediation  of  anthracene  contaminated  soil  in  bio‐slurry  phase  reactor  operated  in 
periodic discontinuous batch mode. Journal of Hazardous Materials 153, 244‐251. 
Providenti,  M.,  Lee,  H.,  Trevors,  J.T.  (1993)  Seleted  factors  limiting  the  microbial 
degradation of recalcitrant compounds. Journal of Industrial Microbiology 12, 379‐395. 
Quintero,  L.,  Cardona,  S.  (2010)  Tecnologías  para  la  decoloraciòn  de  tintes  índigo  e 
índigo carmín, Dyna, 77 (162), 371‐386. 
Rabenstein,  A.,  Koch,  T.,  Remesch,  M.,  Brinksmeier,  E.,  Kuever,  J.  (2009)  Microbial 
degradation  of  water  miscible  metal  working  fluids.  International  Biodeterioration  & 
Biodegradation 63, 1023‐1029. 
Rahman,  K.S.M.,  Thahira‐Rahman,  J.,  Lakshmanaperumalsamy,  P.,  Banat,  I.M.  (2002) 
Towards  efficient  crude  oil  degradation  by  a  mixed  bacterial  consortium.  Bioresource 
Technology 85, 257‐261. 
Rodríguez‐Couto,  S.,  Rosales,  E.,  Sanromán, M.A.  (2006)  Decolourization  of  synthetic 
dyes by Trametes hirsuta in expanded‐bed reactors. Chemosphere 62, 1558‐1563. 
Rodríguez‐Couto, S.  (2007) Decolouration of  industrial azo dyes by  crude  laccase  from 
Trametes hirsuta. Journal of Hazardous Materials 148, 768‐770. 
Rosales, E., Pazos, M., Longo, M.A., Sanromán, M.A. (2009) Electro‐Fenton decoloration 
of  dyes  in  a  continuous  reactor:  a  promising  technology  in  colored wastewater  treatment. 
Chemical Engineering Journal 155, 62‐67. 
Saha, R., Donofrio, R.S., Bagley, S.T. (2010) Development of a real‐time TaqMan assay to 
detect  mendocina  sublineage  Pseudomonas  species  in  contaminated  metalworking  fluids. 
Journal of Industrial Microbiology & Biotechnology 37, 843‐848. 
Chapter 1 
1‐45 
Sánchez,  J.,  Gallego,  J.L  (2005)  Biorremediación.  Conceptos  esenciales  y  ámbitos  de 
aplicación.  En Marín,  I.,  Sanz  J.L.,  Amils  R.  Editores  Biotecnología  y medioambiente.  1ª  ed. 
Madrid: Ephemera, pp.61‐75. 
Sanz,  J.L.  (2005)  Control  biológico  de  plantas  y  enfermedades  de  los  cultivos.  En 
Biotecnología y Medioambiente. Ephemera, Madrid, España. 
Saratale,  R.  G.,  Saratale,  G.  D.,  Kalyani,  D.  C.,  Chang,  J.  S.,  Govindwar,  S.  P.  (2009b) 
Enhanced decolorization and biodegradation of  textile azo dye Scarlet R by using developed 
microbial consortium‐GR. Bioresource Technology 100, 2493‐2500. 
Saratale,  R.  G.,  G.  D.  Saratale,  J.  S.  Chang,  and  S.  P.  Govindwar  (2009c)  Ecofriendly 
decolorization  and degradation of Reactive Green  19A using Micrococcus  glutamicus NCIM‐
2168. Bioresource Technology 110, 3897‐3905. 
Saratale, R. G., Saratale, G. D., Chang J. S., Govindwar, S. P. (2010a) Decolorization and 
biodegradation  of  reactive  dyes  and  dye wastewater  by  a  developed  bacterial  consortium. 
Biodegradation 6, 999‐1015. 
Saratale,  G.  D.,  Chien  I.  J.,  Chang,  J.  S.  (2010b)  Enzymatic  pretreatment  of  cellulosic 
wastes  for  anaerobic  treatment  and  bioenergy  Production.  Environmental  Anaerobic 
Technology Applications and New Developments, H.H.P. Fang, Ed., Imperial College Press. 
Saratale, R.G., Saratale, G.D., Chang, J.S, Govindwar, S.P. (2011) Bacterial decolorization 
and degradation of azo dyes: A review. Journal of the Taiwan Institute of Chemical Engineers 
42, 138‐157. 
Sarayu, K., Sandhya, S.  (2010) Aerobic Biodegradation Pathway  for Remazol Orange by 
Pseudomonas aeruginosa. Applied Biochemistry & Biotechnology 160, 1241‐1253. 
Sartoros,  C.,  Yerushalmi,  L.,  Béron,  P.,  Guiot,  R.  (2005)  Effects  of  surfactant  and 
temperature on biotransformation kinetics of anthracene and pyrene. Chemosphere 61, 1042‐
1050. 
Sasikala,  C.,  Jiwal,  S.,  Rout,  P.,  Ramy,  M.  (2012)  Biodegradation  of  chlorpyrifos  by 
bacterial  consortium  isolated  from  agriculture  soil.  World  Journal  of  Microbiology  & 
Biotechnology 28, 1301‐1308. 
Senan, R.C., Abraham, T.E. (2004) Bioremediation of textile azo dyes by aerobic bacterial 
consortium. Biodegradation 15, 275‐280. 
Seo,  J. S., Keum, Y. S., Harada, R. M.,  Li, Q. X.  (2007)  Isolation and  characterization of 
bacteria capable of degrading polycyclic aromatic hydrocarbons (PAHs) and organophosphorus 
pesticides from PAH‐contaminated soil in Hilo, Hawaii. Journal of Agriculture & Food Chemistry 
55, 5383‐5389. 
Introducción 
1‐46 
Seo,  J.S.,  Keum,  Y.S.,  Li,  Q.X.  (2009)  Bacterial  degradation  of  aromatic  compounds. 
International Journal of Environmental Research & Public Health 6, 278‐309. 
Skerlos, S.J., Hayes, K.F., Clarens, A.F., Zhao, F.  (2008) Current advances  in  sustainable 
metalworking fluids research. International Journal of Sustainable Manufacturing 1, 180–202. 
Shao, Z., Cui, Z., Dong, C., Lai, Q., Chen, L. (2010) Analysis of a PAH‐degrading bacterial 
population  in  subsurface  sediments  on  the  Mid‐Atlantic  Ridge  Deep‐Sea.  Oceanographic 
Research Papers 57, 724‐730. 
Sheng‐wang,  P.,  Shi‐qiang,  W.,  Xin,  Y.,  Sheng‐xian,  C.  (2008)  The  removal  and 
remediation  of  phenanthrene  and  pyrene  in  soil  by  mixed  cropping  of  alfalfa  and  rape. 
Agricultural Sciences in China 7, 1355‐1364. 
Singh,  B.K., Walker,  A., Morgan,  J.A.W., Wright,  D.J.  (2003)  Effects  of  soil  pH  on  the 
biodegradation of chlorpyrifos and  isolation of a chlorpyrifos‐degrading bacterium. Applied & 
Environmental Microbiology 69, 5198‐5206. 
Singh,  B.K.,  Walker,  A.,  Morgan,  J.A.W.,  Wright,  D.J.  (2004)  Biodegradation  of 
chlorpyrifos by Enterobacter strain B‐14 and  its use  in bioremediation of contaminated soils. 
Applied & Environmental Microbiology 70, 4855‐63. 
Singh, B.K., Walker, A.  (2006) Microbial degradation of organophosphorus compounds. 
FEMS Microbiology Reviews 30, 428‐471. 
Silva,  I.S.,  Grossman,  M.,  Durrant,  L.R.  (2009)  Degradation  of  polycyclic  aromatic 
hydrocarbons  (2‐7  rings)  under microaerobic  and  very‐low‐oxygen  conditions  by  soil  fungi. 
International Biodeterioration & Biodegradation 63, 224‐229. 
Simarro, R., González, N., Bautista,  L., Sanz, R., Molina, M.  (2011) Optimisation of key 
abiotic factors of PAH (naphthalene, phenanthrene and anthracene) biodegradation process by 
a bacterial consortium. Water, Air & Soil Pollution 217, 365‐374. 
Siron,  R.,  Pelletier,  E.,  Brochu,  H.  (1995)  Environmental  factors  influencing  the 
biodegradation  of  petroleum  hydrocarbons  in  cold  seawater.  Archives  in  Environmental 
Contaminant Toxicology 28, 406‐416. 
Sokovic, M., Mijanovic, K. (2001) Ecological aspects of the cutting fluids and its influence 
on  quantifiable  parameters  of  the  cutting  processes.  Journal  of  Materials  Processing 
Technology 109, 181‐189. 
Sponza,  D.T.,  Gok,  O.  (2010)  Effect  of  rhamnolipid  on  the  aerobic  removal  of 
polyaromatic  hydrocarbons  (PAHs)  and  COD  components  from  petrochemical  wastewater. 
Bioresource Technology 101, 914‐924. 
Chapter 1 
1‐47 
Stapleton, R.D., Savage, D.C., Sayler, G.S., Stacey, G. (1998). Biodegradation of aromatic 
hydrocarbons  in an extremely acidic environment. Applied & Environmental Microbiology 64, 
4180‐4184. 
Telke, A., Kalyani, D., Jadhav J., Govindwar, S. (2008) Kinetics and mechanism of Reactive 
Red 141 degradation by a bacterial  isolate Rhizobium  radiobacter MTCC 8161. Acta Chimica 
Slovenica 55, 320‐329. 
Telke, A. A., Kalyani, D. C., Dawkar, V. V., Govindwar, S. P. (2009) Influence of organic and 
inorganic  compounds  on  oxido  reductive  decolorization  of  sulfonated  azo  dye  C.I.  Reactive 
Orange 16. Journal of Hazardous Materials 172, 298‐309. 
Tian, S., Qian, C., Yang, X. (2006) Biodegradation of biomass gasification wastewater by 
two  species  of  Pseudomonas  using  immobilized  cell  reactor.  Applied  Biochemistry  & 
Biotechnology 128, 141‐147. 
Tiwari,  J.N.,  Reddy, M.M.K.,  Patel, D.K.,  Jain,  S.K., Murthy,  R.C., Manickam, N.  (2010) 
Isolation of pyrene degrading Achromobacter  xylooxidans  and  characterization of metabolic 
product. World Journal of Microbiology & Biotechnology 26, 1727‐1733. 
Trably, E., Patureau, D.  (2006) Successful  treatment of  low PAH‐contaminated  sewage 
sludge  in  aerobic  bioreactors.  Environmental  Science&  Pollution  Research  International  13, 
170‐176. 
Tony, B. D., Goyal, D., Khanna, S.  (2009a) Decolorization of  textile azo dyes by aerobic 
bacterial consortium. International Biodeterioration & Biodegradation 63, 462‐469. 
Tony,  B.  D.,  Goyal,  D.,  Khanna,  S.  (2009b)  Decolorization  of  Direct  Red  28  by mixed 
bacterial  culture  in  an up‐flow  immobilized bioreactor.  Journal  of  Industrial Microbiology & 
Biotechnology 36, 955‐960. 
Van  der Gast,  C.  J., Whiteley  A.  S.,.  Lilley,  A.  K.,  Knowles  .C.  J.,  Thompson,  P.  (2003) 
Bacterial  community  structure  and  function  in  a  metalworking  fluid  Environmental 
Microbiology 5, 453–461. 
Venkata,  M.S.,  Prasanna,  D.,  Purushotham,  R.B.,  Sarma  P.N.  (2008)  Ex  situ 
bioremediation of pyrene contaminated  soil  in bio‐slurry phase  reactor operated  in periodic 
discontinuous  batch mode:  Influence  of  bioaugmentation.  International  Biodeterioration  & 
Biodegradation 62, 162‐169. 
Verrhiest,  G.J.,  Clement,  B.,  Volat,  B., Montuelle,  B.,  Perrodin,  Y.  (2002)  Interactions 
between a polycyclic aromatic hydrocarbon mixture and microbial  communities  in a natural 
freshwater sediment. Chemosphere 46, 187‐196. 
Vidya‐Lakshmi, C., Kumar, M., Khanna, S. (2009) Biodegradation of chlorpyrifos in soil by 
enriched cultures. Current Microbiology 58, 35‐38. 
Introducción 
1‐48 
Wackett,  L.P.,  Hershberger,  C.D.  (2001)  Biocatalysis  and  Biodegradation:  Microbial 
Transformation of Organic Compounds. ASM Press, Washington, D.C. 
Wang, H.  J.,  Su. Q.,  Zheng,  X. W.,  Tian,  Y.,  Xiong,  X.  J.,  Zheng  T.  L.  (2009b)  Bacterial 
decolorization and degradation of  the  reactive dye Reactive Red 180 by Citrobacter sp. CK3. 
International Biodeterioration & Biodegradation 63, 395‐399. 
Wang, C., Sun, H., Li, J., Li, Y., Zhang, Q. (2009d) Enzyme activities during degradation of 
polycyclic  aromatic hydrocarbons by white  rot  fungus Phanerochaete  chrysosporium  in  soils 
Chemosphere 77, 733‐738. 
Wang,  R.  C.,  K.  S.  Fan,  Chang,  J.  S.  (2009a)  Removal  of  acid  dye  by  ZnFe2O4/TiO2 
immobilized granular activated  carbon under visible  light  irradiation  in a  recycle  liquid–solid 
fluidized bed. Journal of the Taiwan Institute of Chemical Engineers 40, 533‐530. 
Ware, G. W., Whitacre, D. M. (2004) Introducción a los Insecticidas. The Pesticide Book, 
6th ed. MeisterPro Information Resources, Willoughby, Ohio. 
Wei, S., Pan, S.  (2010) Phytoremediation  for  soils  contaminated by phenanthrene and 
pyrene with multiple plant species. Journal of Soils & Sediments 10, 886‐894. 
Wong,  J. W. C., Fang, M., Zhao, Z., Xing, B.  (2004) Bioremediation and biodegradation: 
effect of  surfactants on  solubilization  and degradation of phenanthrene under  thermophilic 
conditions. Journal of Environmental Quality 33, 2015‐2025. 
Wu,  Y.  R.,  Luo,  Z.  H.,  Vrijmoed,  L.L.P.  (2010)  Biodegradation  of  anthracene  and 
benz[a]anthracene  by  two  Fusarium  solani  strains  isolated  from  mangrove  sediments. 
Bioresource Technology 101, 9666‐9672. 
Xu, S. Y., Chen, Y. X., Lin, K. F., Chen, X. C., Lin, Q., Li, F., Wang, Z. W. (2009) Removal of 
pyrene from contaminated soils by white clover. Pedosphere 19, 265‐272. 
Yang,  C.,  Liu,  N.,  Guo,  X.,  Qiao,  C.  (2006)  Cloning  of  mpd  gene  from  a  chlorpyrifos 
degrading  bacterium  and  use  of  this  strain  in  bioremediation  of  contaminated  soil.  FEMS 
Microbiology Letters 265, 118‐125. 
Zeng,  J.,  Lin,  X.,  Zhang,  J.,  Li,  X.  (2010)  Isolation  of  polycyclic  aromatic  hydrocarbons 
(PAHs)‐degrading  Mycobacterium  sp.  and  the  degradation  in  soil.  Journal  of  Hazardous 
Materials 183, 718‐723. 
Zhang, H., Kallimanis, A., Koukkou, A. I., Drainas, C. (2004) Isolation and characterization 
of  novel  bacteria  degrading  polycyclic  aromatic  hydrocarbons  from  polluted  Greek  soils. 
Applied Microbiology & Biotechnology 65, 124‐131. 
Zheng, C., He,  J., Wang,  J., Wang, M., Huang,  Z.  (2011) Hydrocarbon degradation  and 
bioemulsifier production by thermophilic Geobacillus pallidus strains. Bioresource Technology 
102, 9155‐9161. 
Chapter 1 
1‐49 
Zhong, Y., Luan, T., Lin, L., Liu, H., Tam, N.F.Y., (2011). Production of metabolites  in the 
biodegradation  of  phenanthrene,  fluoranthene  and  pyrene  by  the  mixed  culture  of 
Mycobacterium sp. and Sphingomonas sp. Bioresource &Technology 102, 2965‐2972. 
Zhu,  H.,  Singleton,  D.,  Aitken,  M.  (2010)  Effects  of  nonionic  surfactant  addition  on 
populations  of  polycyclic  aromatic  hydrocarbon‐degrading  bacteria  in  a  bioreactor  treating 
contaminated soil. Environmental Science & Technology 44, 7266‐7171. 
Zollinger, H.  (2003) Color Chemistry:  Sintheses, properties  and  applications of organic 
dyes and pigments. Verlag Helvetica Chimica Acta, Zurich (Schwitzerland). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. DYES 
 
2.1  AIMS AND WORKING PLAN ............................................................................................. 2‐3 
2.2  INTRODUCTION ............................................................................................................... 2‐5 
2.3  EXPERIMENTAL ................................................................................................................ 2‐6 
2.4  RESULTS AND DISCUSSION ............................................................................................ 2‐12 
2.5  CONCLUSIONS ............................................................................................................... 2‐20 
2.6  REFERENCES .................................................................................................................. 2‐21 
 
 
 
 
 
 
 
 
 
 
Adapted from: 
Deive, F.J., Domínguez, A., Barrio, T., Moscoso, F., Morán, P., Longo, M.A., Sanromán, M.A. (2010) Decolorization of dye 
Reactive Black 5 by newly  isolated  thermophilic microorganisms  from geothermal  sites  in Galicia  (Spain).  Journal of Hazardous 
Materials 182, 735–742. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Chapter 2 
2‐3 
2.1 AIMS AND WORKING PLAN 
2.1.1 AIMS 
Azo dyes account for the majority of all dyestuffs, produced because they are extensively 
used in textile, paper and leather industries. Existing effluent treatment procedures are unable 
to  remove  recalcitrant azo dyes  completely  from effluents because of  their  colour  fastness, 
stability  and  resistance  to  degradation.  Since  bacterial  decolorization  is  normally  faster 
compared to fungal systems, this alternative has gained force as a method of treatment. 
The  effectiveness  of  microbial  decolorization  depends  on  the  adaptability  and  the 
activity  of  the  selected microorganisms. Usually  these  types  of warm  effluents  exhibit  high 
concentrations of synthetic dyes and other products, such as dispersants, acids, bases, salts, 
oxidants,  and  so  on.  For  this  reason,  the  use  of  biological  processes  for  their  treatment 
requires  the  presence  of  microorganisms  thriving  in  extreme  conditions  like  thermophilic 
microorganisms (extremophiles) which are currently gaining biotechnological interest. 
In  this  chapter,  Reactive  Black  5  (among  other  typical  dyes  like  Poly  R‐478,  Methyl 
Orange,  Lissamine  Green  B)  was  selected  as  a  model  di‐azo  dye  representing  a  common 
pollutant of textile  industrial wastewaters. Up to our knowledge, there are almost no reports 
dealing  with  thermophilic  aerobic  decolorization  processes  of  this  kind  of  dyes. With  this 
purpose,  several  hot  springs  in  the  northwest  of  Spain were  screened  to  find  thermophilic 
aerobic  bacteria  or  consortia  that  could  efficiently  decolorize  an  effluent  containing  the 
selected model dye  in aerobic conditions. The viability of the proposed process was tested at 
flask scale, as a prior step to scale up at stirred tank bioreactor. 
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2.1.2 WORKING PLAN 
To achieve the objectives previously mentioned the working plan is outlined below: 
 Strain isolation of thermophilic microorganism by 13‐streak plate method. 
 Check decolorization  ability of  termophilic  consortia  from Galician hot  springs 
and  genetic  identifications  of  dye  decoloring  microorganism  by  16S  rRNA 
sequencing. 
 Optimization  at  flask  scale  of  different  variables  like  dye  concentration,  pH, 
temperature and their effect on growth and decolourization ability. 
 Comparative  study  of  the  most  promising  of  bacterial  strains  in  terms  of 
decolorization potential at flask scale 
 Scaling up the decolorization process 
 Fitting  experimental  data  to  different models:  logistic  and  Luedeking  &  Piret 
integrated models. 
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2.2 INTRODUCTION 
Management  of  water  pollution  is  currently  one  of  the  major  challenges  for 
environmentalists.  More  than  10,000  different  textile  dyes,  with  an  estimated  annual 
production of 8∙105 metric tonnes, are commercially available worldwide; about 50% of these 
are azo dyes (Leena & Selva, 2008; Szygułaa et al., 2008). 
Dyes  can  be  classified  according  to  several  features,  but  one  typical  consideration  is 
whether  they  are  ionic  or  nonionic,  as  reported  by  Robinson  et  al.,  (2001).  Ionic  dyes  are 
direct, acid and reactive dyes. Nonionic dyes refer to disperse dyes because they do not ionise 
in an aqueous medium. Direct dyes are  the most popular  class of dyes, owing  to  their easy 
application, wide color range, and availability at modest cost. Most direct dyes have di‐azo and 
tri‐azo structures. Azo dyes are the largest class (60‐70%) of dyes, with the greatest variety of 
colors (Bae & Freeman, 2007). 
Highly  colored  synthetic  dye  effluents  from  the  textile,  food,  paper  and  cosmetic 
industries have contaminated water resources, and these contaminants are easily identifiable 
to the naked eye. The complex aromatic structures of the dyes are resistant to light, biological 
activity,  ozone  and  other  environmental  degradative  conditions  (Kilic  et  al.,  2007).  The 
pollution charge of the effluents may significantly affect photosynthetic activity in aquatic life 
due  to  reduced  light  penetration  and  increased  chemical  oxygen  demand.  Concerns  have 
arisen because many of  the dyes  are made  from  known  carcinogens,  toxics  and mutagens, 
such as benzidine and other aromatic compounds, and often  involve the presence of metals, 
chlorides, and aromatic compounds (Sadettin & Donmez, 2006). 
Importantly,  conventional  wastewater  treatment  remains  ineffective  in  decolorizing 
these compounds. Several methods for the removal of dyes  in textile wastewater have been 
implemented  to  overcome  this  problem.  These  methods  have  been  classified  into  three 
categories,  physical,  chemical  and  biological,  and  they  have  been  extensively  reviewed 
(Robinson et al., 2001; Hao et., 2000; Forgacs et al., 2004; Joshi et al., 2004; Lopez et al., 2007). 
Although physico‐chemical techniques are commonly used  (Lucas et al., 2009; Khadhraoui et 
al., 2009; Rodríguez Couto et al., 2002), their major disadvantages are high cost, low efficiency, 
limited  versatility,  interference  by  other  wastewater  constituents  and  the  handling  of  the 
waste generated. Microbial decolorization, being cost‐effective, is receiving more attention for 
the treatment of textile dye wastewater (Kaushik & Malik, 2009). 
Dye‐bath  effluent  compositions  vary depending on  the  type of  fibers  to be dyed.  For 
instance, while wool  dyeing  involves  effluents with  acid  pH,  cotton  dye  entails  neutral  or 
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alkaline conditions. Besides, these effluents, with a temperature range of 30‐60°C, exhibit high 
concentrations  of  dye  stuff,  biochemical  oxygen  demand,  total  dissolved  solids,  sodium, 
chloride, sulphate, hardness, heavy metals and carcinogenic dye  ingredients. For this reason, 
the use of biological processes  for  their  treatment  requires  the presence of microorganisms 
thriving  in  extreme  conditions.  Thermophilic microorganisms  are  amongst  the most  studied 
extremophiles  and  are  gaining wide  industrial  and biotechnological  interest due  to  the  fact 
that  they  are  well  suited  for  harsh  industrial  processes.  For  this  reason,  thermal  springs, 
solphataric  fields,  abyssal  hot  vents  (“black  smokers”),  active  seamounts,  smouldering  coal 
refuse piles and hot outflows from geothermal and nuclear power plants have been screened 
worldwide to find the right metabolite for every application (Torkamani et al., 2008; Kublanov 
et al., 2009; Santos et al., 1989; Yavuz et al., 2004; Gugliandolo et al., 2006). However, the use 
of thermophilic strains for textile dye decolorization is yet to be deeply investigated. Willets et 
al., (2000) was the first to report on this issue, and since then, few papers have been found in 
the  literature.  Recently,  Boonyakamol  et  al.,  (2009)  have  reported  the  benefits  of  using 
thermophiles instead of mesophiles to decolorize a model anthraquinone dye, and Dos Santos 
et  al.,  (2003,  2004a,  2004b,  2005a,  2005b,  2006)  have  widely  reported  the  necessity  of 
introducing redox mediators to achieve high decolorization efficiencies of several azo dyes by 
using  anaerobic  thermophiles.  However,  as  the  anaerobic  degradation  of  azo  dyes  usually 
produces aromatic amines, which are  carcinogenic and mutagenic,  the aerobic  treatment  is 
the  only  safe method  for  the  biodegradation  of  textile  azo  dyes,  and  thermophilic  aerobic 
treatments is yet to be studied (Senan & Abraham, 2004). 
There are some benefits of working at high temperatures, such as reduced cooling costs, 
increased solubility of most compounds (except gases), decreased viscosity and a lower risk of 
contamination. However,  there  are  also disadvantages,  such  as higher  equipment  corrosion 
problems,  liquid  evaporation,  and  substrate  decomposition.  Therefore,  one  of  the  most 
challenging and  less studied aspects of culturing extremophilic microorganisms  is  the scaling 
up of the process. Nevertheless, there are a few papers  in which  large‐scale operations using 
thermophilic organisms have been addressed (Dos Santos et al., 2003, 2004b, 2005b; Demirtas 
et al., 2003; Dominguez et al., 2005; Deive et al., 2009). 
2.3 EXPERIMENTAL 
2.3.1 DYES 
Poly  R‐478, Methyl Orange,  Lissamine Green  B  and  Reactive  Black  5 were  purchased 
from Sigma. The structure and the main characteristics of these dyes are shown in Table 2.1. 
Chapter 2 
2‐7 
Table 2.1: Chemical structure, color index (C.I.) and wavelength at maximum absorbance of dyes. 
Functional group is remarked in blue. 
Class  Dye  Structure  C.I.  max (nm) 
Anthraquinone  Poly R‐478    520 
Azo  Methyl Orange 
 
13.03  466 
Diphenylnapthtyl‐
methane  
Lissamine 
Green  44.09  633 
Di‐azo   Reactive Black 5 
 
25.51  597 
 
2.3.2 SAMPLING FOR STRAIN ISOLATION 
The  samples  containing mud  and water were  collected  during  October  (wet  season) 
2008 in four different locations of the province of Ourense: As Burgas, Lobios, A Chavasqueira 
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2.3.3 STRAIN ISOLATION 
Strain  isolation was  carried  out  by  the  13‐streak  plate method, which  consisted  of  a 
mechanical dilution of the samples on the surface of agar plates. Basal medium was composed 
of  (g/L,  in distilled water): 8 trypticase, 4 yeast extract, 3 sodium chloride, 20 agar, and 0.07 
dye. In all cases, the pH was adjusted with NaOH (1 M) or HCl (1 M). The plates were incubated 
at  65°C  to  screen  for  highly  thermophilic microorganisms. Dyes were  sterilised  by  filtration 
through a 20‐m filter and added to the autoclaved medium to avoid any possible alteration to 
the chemical structure of the dye. A positive result was a transparent halo around the colonies 
growing  in plates stained with dye,  indicating decolorization ability (Figure 2.2a). Each  isolate 
and consortium was named with letters referring to its origin (Chavasqueira, BCH; Tinteiro, BTI; 
Burgas, BBU; and Lobios, BLO). 
2.3.4 FLASK CULTURE 
Unless  otherwise  stated,  submerged  aerobic  cultures  were  carried  out  in  250  mL 
Erlenmeyer flasks with 50 mL of a basal medium (the same  indicated  in section 2.3.3 without 
agar)  (Deive et al., 2009). The pH was  initially adjusted  to 7.5, and  the medium without dye 
was  autoclaved  at  121°C  for  20 min.  The  flasks were  inoculated  (3%) with  the  hot  spring 
samples  or with  previously  obtained  cell  pellets, which were  then  incubated  in  an  orbital 
shaker (Innova 44, New Brunswick Scientific, Figure 2.2b) at 65°C and 100 rpm. A number of 
samples higher than 6 were taken, each one with a volume of 1 ml. 
 
 
Figure 2.2: Different decolorization assays in a) solid plates, b) flask scale c) samples recollected at 
different times in flask decolorization assays. 
 
 
c)
a)
b)
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2.3.5 BIOREACTOR CULTURE 
The bubbling bioreactor consisted of a jacketed glass column 4.5 cm in internal diameter 
and 20 cm high (working volume: 300 mL) and it is schematically shown in Figure 2.3. 
It was filled with the basal medium described above containing 0.07 g/L of Reactive Black 
5. The temperature was maintained at 65°C by circulation of thermostatted water, and the pH 
was  adjusted  to  7.5.  The  bioreactor  was  inoculated  with  previously  obtained  cell  pellets 
(obtained  after  centrifugation  for  10  min  at  7300  rpm  and  dried  under  vacuum)  at  a 
concentration of 3% (v/v) (Deive et al., 2009). Humidified air was supplied continuously at 300 
mL/min  (hydraulic  retention  time  =  0.017  h),  and  samples were  taken  regularly  during  the 
experimental period (24 h). 
 
 
Figure 2.3: Schematic diagram of the bubble bioreactor used in this study. 
 
2.3.6 CULTURE SAMPLE PREPARATION AND DECOLORIZATION ANALYSIS 
Cells were  harvested  by  centrifugation  (10 min,  7300  rpm),  and  the  supernatant was 
reserved for decolorization analysis. Decolorization (D) was measured spectrophotometrically 
(Unicam Helios β, Thermo Electron Corp.)  from 300  to 750 nm, calculated by measuring  the 
area under the plot and expressed in terms of percentage: 
D (% removal) = (Ii‐If)∙100/Ii     (2.1) 
where Ii and If are initial and final area of the dye solution, respectively (Rodríguez Couto 
et  al.,  2005).  Each  decolorization  value was  the mean  of  two  parallel  experiments.  Abiotic 
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controls  (without microorganism) were always  included. The assays were done  in duplicate, 
and the experimental error was less than 3%. 
2.3.7 CELL GROWTH DETERMINATION 
Biomass  concentration  was measured  by  turbidimetry  at  600  nm,  and  the  obtained 
values were converted  to grams of cell dry weight per  litre using a calibration curve  (Figure 
2.4). 
Different  biomass  concentrations  for  each  strain  were  determined  and  their  growth 
behaviour are represented by the following expressions: 
 
BLO1 (Anoxybacillus kamchatkensis) (g/L) = 0.413∙Absorbance (R2= 0.998) 
BLO2 (Anoxybacillus flavithermus) (g/L) = 0.407∙Absorbance (R2= 0.998) 
BCH6 (Anoxybacillus pushchinoensis) (g/L) = 0.391∙Absorbance (R2= 0.998) 
 
Figure 2.4: Biomass concentration for each selected strain. 
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2.3.8 GENETIC IDENTIFICATION OF THE SELECTED STRAINS 
Isolates  were  identified  by  16S  rRNA  sequencing.  Degenerate  primers  based  on  the 
conserved  sequence  of  16S  rDNA were  used  to  amplify  16S  rDNA  from  isolated  bacterium 
using PCR. The forward primer was 5’‐AGA‐GTT TGA TC/TA/C TGG CT‐3’ (Invitrogen), and the 
reverse  primer  was  5’‐TAC  GGC/T  TAC  CTT  GTT  ACG  ACT‐3’  (Invitrogen).  PCR‐amplified 
fragments were purified on Microspin columns (Amersham Farmacia Biotech, Piscataway, NJ, 
USA), and cycle  sequencing was done  in a GeneAmp PCR  system 2400  (Applied Biosystems) 
thermocycler. Multiple alignment of sequences was created by ClustalX, version 1.81 (Higgins 
&  Sharp,  1988), which were  subsequently  compared with  sequences  in public databases of 
GeneBank (http://www.ncbi.nlm.nih.gov/) with BLAST, version 2.2.6. 
 
2.4 RESULTS AND DISCUSSION 
2.4.1 OBTAINING CONSORTIA WITH DECOLORIZATION ABILITY 
The  use  of  thermophilic microbial  consortia  to  decolorize  effluents  is  considered  an 
accelerated  and  effective  degradation  strategy  (Boonyakamol  et  al.,  2009;  Chen  &  Chang, 
2007),  so  the  search  for  thermophilic  consortia  able  to  decolorize model  dyes marked  the 
onset of this work. Four different dyes, such as Poly R‐478, Methyl Orange, Lissamine Green B 
and Reactive Black 5, were selected to qualitatively check the decolorization ability on plate of 
thermophilic  consortia  from  Galician  hot  springs.  Although  in  all  cases  several  degrees  of 
decolorization were observed, Reactive Black 5 was chosen as model di‐azo dye to approach 
this study. Many  researchers have  focused decolorization studies  in  the  following  two ways. 
One  is  the decolorization of various dyes by an  individual  fungal  strain and  the other  is  the 
decolorization of a single dye by various fungal strains (Shahvali et al., 2000; Fu & Viraraghavan 
2001;  Alhassani  et  al.,  2007).  In  this  study,  we  tried  to  demonstrate  the  feasibility  of  a 
decolorization process using different thermophilic consortia and isolates in aerobic conditions 
for one only model dye (Reactive Black 5). 
The next stage of the work included a preliminary screening of viable dye concentration 
values allowing high levels of growth and decolorization rate. There are a variety of published 
studies  addressing  different  dye  concentrations  of  synthetic  effluents  with  concentrations 
ranging from 2.2∙10‐5 g/L to 5 g/L. As many dyes are visible in water in concentrations as low as 
0.001  g/L  and processing  textile effluents have  concentrations  ranging  from 0.01  to 0.2  g/L 
(Pandey et al., 2007), plate cultures at Reactive Black concentrations of 0.01, 0.03, 0.07, 0.1 
Chapter 2 
2‐13 
and  0.2  g/L  were  performed,  and  it  has  been  visually  observed  high  cellular  growth  and 
decolorization  ability  in 2 days  at  concentrations under 0.07  g/L, being 0.1  g/L  the minimal 
inhibitory  concentration.  Due  to  this,  0.07  g/L  was  the  concentration  chosen  for  further 
investigation. 
Cultures were carried out at different pH values (4, 7.5 and 9) by  inoculating the flasks 
with  the  samples collected  from  the  selected  thermal  springs. Growth was only detected at 
acid and neutral pH, and  the  results of decolorization are shown  in Table 2.2. The consortia 
growing at pH 4 rendered very low levels of decolorization. We observed that several consortia 
growing  at  pH  4  possessed  a  mycelium‐type  morphology  because  this  pH  value  is  more 
suitable for fungal growth.  
Additionally, dye biosorption  could be visually  identified,  indicating  that  the dominant 
mechanism  of  dye  removal  by  the  fungus was  probably  bioaccumulation.  pH  is  one  of  the 
important  parameters  affecting  the  biosorption  and  bioaccumulation  potential,  and  acidic 
values  seemed  to  favour  dye  biosorption.  In  this  sense,  there  are many  studies  concluding 
acidic  pHs  for  achieving  maximum  dye  uptake  with  living  fungi,  as  those  reported  by 
Ikramullah  et  al.,  (2007)  and  Taskin  &  Erdan  (2010)  for  Reactive  Red  and  Reactive  Black, 
respectively. 
The results obtained can be explained  in terms of the net charge due to the functional 
groups existing on the microorganismal surface. At acidic pH values, there is more interaction 
between  the  negatively  charged  dye molecules  and  positively  charged  binding  sites  on  the 
biosorbent  surface. This  fact was also  reported by Akar et al.,  (2009) and by  Iqbal &  Saeed 
(2007) in studies on dye biosorption by the macro‐fungus Agaricusbis porus and by the white‐
rot  fungus  Phanerochaete  chrysosporium,  respectively.  Increasing  sorption  capacity  with 
decreasing pH was also reported for algae, bacteria and yeasts (Aksu & Tezer, 2005; Hu, 1996; 
Aksu & Donmez, 2003). 
On  the other hand,  in  light of  the results  listed  in Table 2.1,  there were  four consortia 
that yielded over 70% of decolorization within 24 h of  treatment at 65°C. These  results are 
better  than  those  obtained  by  Tony  et  al.,  (2009).  They  reported  less  than  40%  of 
decolorization with several azo dyes when a consortium developed from a textile wastewater 
treatment  plant was  used. We  also  used  a  temperature  higher  than  that  reported  by  Dos 
Santos et al., (2005b). They reported decolorization values of the dye Reactive Red 2 ranging 
from  79%  to  95%  when  a  thermophilic  consortium  was  grown  at  55°C  in  thermophilic 
bioreactors  at  a Hydraulic Retention  Time  (HRT) of 2.5 h  and 10 h,  respectively.  Therefore, 
since  all  the data  found  in  the  literature  related  to  thermophilic decolorization of  azo dyes 
tackles  anaerobic  processes,  our  results  underscore  the  importance  of  going  beyond  the 
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technical  aspects  and  trying  to  isolate  and  identify  the  microorganisms  involved  in  the 
decolorization process. 
2.4.2 ISOLATION AND GENETIC IDENTIFICATION OF DYE‐DECOLORING MICROORGANISMS 
Agar plate cultures streaked from the consortia yielding the highest decolorization levels 
allowed  us  to  isolate  three  valuable  strains  of  bacteria  with  decolorization  potential.  The 
colonies showed the typical appearance of bacteria, and they presented fast growth (less than 
1 day), which is usual in this kind of microorganisms. The three isolated strains were identified 
by 16S  rRNA  sequencing. The degenerate primers based on  the  conserved  sequence of 16S 
rDNA were used to amplify 16S rDNA  from the  isolated bacteria  through PCR. The 16S rRNA 
sequences of BCH6st, BLO1st  and BLO2st  exhibited  the highest  similarity  (99%)  to  those  of 
Anoxybacillus  pushchinoensis,  Anoxybacillus  kamchatkensis  and  Anoxybacillus  flavithermus, 
respectively.  None  of  the  isolated  strains  had  ever  been  reported  as  dye‐decoloring 
microorganisms,  and  there  are  just  a  few  papers  describing  growth  characteristics  or 
metabolite production (Bolton et al., 1997; Pikuta et al., 2003; Kevbrin et al., 2005). 
The ability to decolorize the di‐azo dye at a concentration of 0.07 g/L was experimentally 
ascertained through cultivation in Erlenmeyer flasks, and the UV spectra obtained (Figure 2.5) 
clearly reflects the removal of the color. This strategy allowed us to perform an in‐depth study 
of  the biological  characteristics of bacterial  growth  and decolorization.  The  cell  growth  and 
decolorization modelling could be a valuable tool for characterising the relationship between 
the metabolites triggering dye decolorization and the biomass.  
In this sense, kinetic behaviour is an extremely important subject in the implementation 
of  any  biological  process,  as  it  can  ease  the  control,  which  is  crucial  when  operating  at 
industrial  scale. Moreover, modelling  the  behaviour  of  bacteria  in  biological  reactions will 
allow  us  to  anticipate  their  responses  to  certain  environmental  conditions,  to  select  the 
operation mode that ensures the quality of the desired product, and to facilitate an efficient 
process design, by avoiding costly,  time‐wasting steps and minimising  the amount of spoiled 
batches  to  reject  and  wastes  for  disposal.  The  interest  is  even  greater  because  no  data 
addressing the modelling of this kind of thermophilic processes have been published. 
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Figure 2.5: UV spectra at time 0 (continuous line), 18 (dotted line) and 42 h (dashed line) of flask 
cultures of: A) Anoxybacillus pushchinoensis, B) Anoxybacillus kamchatkensis, C) Anoxybacillus 
flavithermus. 
Adjusting experimental data to models was done by an iterative procedure, based on the 
Marquardt–Levenberg algorithm, which seeks the values of the parameters that minimise the 
sum of the squared differences between the observed and predicted values of the dependent 
variable, using Sigma Plot 8.0 software. 
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A  visual  inspection  of  the  results  that  are  potted  in  Figure  2.6  indicates  that  the 
decolorization process mainly occurred during the first 12 hours of biological treatment.  
 
Figure 2.6: Cellular growth (full symbols) and dye decolorization (%) (void symbols) in flask 
cultures: A. pushchinoensis (, ), A. kamchatkensis (, ), A. flavithermus (, ). Symbols: 
experimental data; solid line: logistic model. 
 
Notably,  one  of  the  isolates  (Anoxybacillus  flavithermus)  reached  83%  decolorization 
within this short period of time at a temperature of 65°C.  It  is clear that these  isolates are a 
promising  alternative  for  decolorization  treatment  of  textile  dye  effluents,  discharged  at 
elevated  temperatures,  because  the  typical  treatment  time  required  for  carrying  out  the 
biological process is often longer than 1 day (Banat et al., 1997). Barragán et al., (2007) studied 
three  bacterial  strains  (Enterobacter  sp.,  Morganella  sp.  and  Pseudomonas  sp.),  both 
separately and in combination. As in our work, they found that none of the strains was capable 
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of  growth  in  a  liquid medium  using  dye  as  the  sole  carbon  source  or  supplemented with 
glucose.  Growth  only  occurred when  the  liquid medium was  supplemented with  peptone, 
yeast extract and urea, as observed here. Indeed, bacterial growth for color removal in a liquid 
medium  usually  requires  complex  organic  sources,  such  as  yeast  extract,  peptone  or  a 
combination of complex carbon sources and carbohydrates. 
Table 2.3: Parameters defining the logistic model that characterises the growth and the 
decolorization of isolates from Galician thermal springs in flask cultures. 
Strain  X0 
(g/L) 
Xmax 
(g/L) 
m 
(h‐1) 
R2 
 
D0  
(%Rem) 
Dmax 
(%Rem) 
D 
(h‐1) 
R2 
 
A. pushchinoensis  0.05  0.84  0.17  0.99  2.05  66.25  0.51  0.99 
A. kamchatkensis  0.04  0.59  0.25  0.99  0.49  75.27  0.78  0.99 
A. flavithermus  0.06  0.53  0.36  0.97  2.85  83.83  0.59  0.99 
 
A new  insight  into the kinetic behaviour of the biological process  is proposed here. The 
decolorization degree is given as a function of the growth rate and the biomass on the basis of 
the model reported by Marques et al., (1986). This classic model considered the relationship 
between  cell  growth  an  product  formation,  and  in  this  case,  the  product  could  be  any 
metabolite or enzyme with oxidant / reducing activity triggering the decolorization process. 
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This  algorithm  allows  us  to  define  the  decolorization  efficiency  as  a  function  of  the 
growth rate (m = 0), a function of the biomass (n = 0) or a function of both parameters (m ≠ 0 
and n  ≠ 0). The model  is suitable  for describing  the decolorizaƟon  response by  the diﬀerent 
microorganisms,  as  can  be  concluded  from  the  adequate  accuracy  of  the  regression 
coefficients (higher than 0.90). All the fitting parameters are listed in Table 2.4. Bearing in mind 
these  results,  significantly  different  kinetic  behaviours  could  be  concluded  for  the  different 
strains.  It  is noteworthy  that A. pushchinoensis possessed  the ability  to degrade  the azo‐dye 
structure primarily based on  the growth rate, whereas A. kamchatkensis and A.  flavithermus 
showed  a  clear  dependence  on  biomass  production.  These  findings  indicate  that  kinetic 
behaviour  is a critical  issue that must be addressed when a novel strain  is studied, and  it can 
be  concluded  that  the  decolorization  efficiencies  provided  by  A.  kamchatkensis  and  A. 
flavithermusare higher at increased levels of cell growth. In agreement with this fact, Silveira et 
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al.,  (2009)  reported  that,  based  on  SEM  analysis,  greater  biomass  production  is  needed  to 
promote better dye color removal. Thus, there is a need for greater biomass production, as all 
the biomass produced  seemed  to be  attached  to  the mineralised dye. Khehra et al.,  (2005) 
found  that  the  bioaccumulation  process  is  directly  linked  to  biomass  production  for  strains 
isolated from soil or sludge from textile dye waste. 
Table 2.4: Parameters obtained by regression of the model described in equation 2.4. 
Strain  m (%Rem/g)  n (%Rem/gh)  D0 (%Rem)  R2 
A. pushchinoensis 
A. kamchatkensis 
A. flavithermus 
0 
63.20 
176.25 
0.25 
3.10 
0 
0 
7.86 
11.75 
0.93 
0.90 
0.95 
 
2.4.3 SCALING‐UP OF THE DECOLORIZATION PROCESS 
Decolorization of a model di‐azo dye, Reactive Black 5, occurs under aerobic conditions 
was  carried  out  in  a  bubbling  bioreactor  previously  described  in  section  2.3.5.  The  results 
obtained  at  bioreactor  scale  and  plotted  in  Figure  2.7  are  in  accordance  with  previous 
experiments  in  shake  flasks,  as  the  elevated  levels  of  dye  degradation  are  relatively  fully 
maintained. 
Although the particular hydrodynamic setting in the bioreactor can lead to limitations in 
the  suitable  operation  ranges,  the  conditions  proposed  in  this  process  permit  successfully 
approaching  the  scaling‐up  of  the  biological  treatment  without  significant  operational 
problems. The decolorization degree and cell growth were ascertained with the logistic model 
detailed above. The fitting parameters obtained from the experimental data are listed in Table 
2.5. As shown,  the maximum specific growth rate was abruptly  increased when operating at 
bioreactor  than  in  flask  cultures, which  agrees with  the  investigations  performed  by Deive 
(2007). Additionally, the maximum decolorization attained was quite similar to those yielded in 
flask cultures, except in the case of A. pushchinoensis, where a reduction of 30% was recorded. 
Table 2.5: Parameters defining the logistic model that characterises the growth and the 
decolorization of the isolates from Galician thermal springs in bioreactor cultures. 
Strain  X0 
(g/L) 
Xmax 
(g/L) 
m 
(h‐1) 
R2 
 
D0  
(%Rem) 
Dmax 
(%Rem) 
D 
(h‐1) 
R2 
 
A. pushchinoensis  0.05  0.77  0.29  0.98  0.70  43.56  1.34  0.98 
A. kamchatkensis  0.04  0.38  1.47  0.99  1.75  75.10  0.82  0.99 
A. flavithermus  0.02  0.54  0.55  0.99  6.22  79.83  0.39  0.99 
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Furthermore, analysis of the data of biomass and decolorization percentage led us to the 
hypothesis that the dye was being co‐metabolised with the complex organic source (peptone 
and yeast extract). Two opinions have been argued for many years  in relation to the roles of 
dyes  in biological processes: one deems  that dyes are not carbon  sources, whereas another 
deems  the  contrary,  and  the  variability  is  explained  in  terms  of  the  different  microbial 
characteristics involved (Chen et al., 2003; Sarioglu & Bisgin, 2007). Our results also show that 
a certain concentration of carbon source (such as yeast extract or peptone) was necessary for 
the decolorizing process. The effects of some other carbon sources on bacterial decolorization 
performance  have  been  studied.  Lactate,  peptone,  succinate,  yeast  extract,  and  formate 
enhance decolorization, whereas sucrose and dextrin have  lower decolorization activities (Xu 
et al., 2006). 
 
Figure 2.7: Cellular growth (full symbols) and dye decolorization (%) (void symbols) in bioreactor 
cultures: A. puschinoensis (, ), A. kamchatkensis (, ), A. flavithermus (, ). Symbols: 
experimental data; solid line: logistic model. 
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In summary,  the  influence of  the operating conditions  in a bubble bioreactor  together 
with the characteristics of the microorganisms are determining factors in the development of 
the biological decolorization process. We conclude that the treatment process in a bench‐scale 
bioreactor proposed in this work has been successfully developed. 
 
2.5 CONCLUSIONS 
This study reports a novel decolorization process by thermophilic microbial strains from 
thermal spots isolated from Spanish hot springs in aerobic conditions. 
The research work tackled: 
 The  ability  of  consortia  to  degrade  a  model  di‐azo  dye  Reactive  Black  5  at 
different  pHs  in  flask  cultures,  obtaining  that  just  neutral  pHs  licensed 
degradation levels near to 70%. 
 Isolation of three of the bacteria, which rendered possible reaching high levels of 
decolorization  (80%)  after  just  24  h  in  aerobic  conditions,  and  which  were 
identified  through 16S  rRNA  sequencing  to possess high homology  (99%) with 
Anoxybacillus  pushchinoensis,  Anoxybacillus  kamchatkensis  and  Anoxybacillus 
flavithermus. 
 The  cultivation  of  the  isolates  in  a  bench‐scale  bioreactor,  which  led  to  a 
decolorization rate two‐fold higher than that obtained in flask cultures. 
 Therefore, this work makes up the first time that a decolorization process of an 
azo dye by thermophilic microorganisms in aerobic conditions was investigated. 
The promising results obtained from three isolated thermophilic strains belonging to the 
Anoxybacillus genus  (more  than 80% decolorization  in  less  than 12 h)  led us  to develop  the 
process at bioreactor scale. A deeper examination of the biological‐process kinetics allowed us 
to analyse  the  influences of operational variables and  selected  strains on  the decolorization 
percentage, and it also allowed us to classify the decolorization as primarily based on biomass 
or growth rate. Moreover, the promising results obtained in bioreactor suggest the possibility 
of  applying  this process  to  larger‐scale  systems,  and  the  good  fittings  to  the  equations will 
allow an easier control of the process. Summing up, it is remarkable that the system developed 
in this study was able to operate at a large scale without operational problems. 
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3.1 AIMS AND WORKING PLAN 
3.1.1 AIMS 
Metal Working  Fluids  (MWFs)  are  complex mixtures  of  chemical  compounds  and  are 
indispensable materials  in metallurgy  industries. Since MWFs formulations commonly contain 
different carbon sources like petroleum oil and fatty acids, microbial bioremediation could be 
a good alternative to clean up and remove this type of hazardous wastes. As it was presented 
in  chapter  2,  the  use  of  biological  processes  for  the  treatment  of  industrial  effluents  is  an 
excellent method for decontaminating polluted effluents. 
Although MWFs are  sometimes  colonized by bacteria and even  fungi,  just  few  studies 
have  focused  on  the  microbial  biodegradation.  Dominant  groups  of  microorganisms  that 
colonize  them belong  to  the genera Pseudomonas and Mycobacterium. For  this  reason,  the 
bacterium  Pseudomonas  stutzeri  will  be  selected  as  microorganism’s  agent  in  this 
biodegradation  process  in  order  to  compare  the  rate  of  biodegradation  reached  with  an 
indigenous  consortium  isolated  to  real  degreasing  baths  of  different  metal manufacturing 
companies in the northwest of Spain. 
In view of  this  fact,  in  this chapter, a biological method  to degrade a MWF‐containing 
effluent will be evaluated with the aim to achieve high degradation levels at bioreactor scale. 
Aspects  such  as  obtaining  indigenous  consortia  from  spent  MWFs,  comparing  their 
biodegradation potential with that provided by an axenic culture (P. stutzeri), and studying an 
appropriate cultivation medium, will be tackled prior to  investigate the process at bioreactor 
scale. 
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3.1.2 WORKING PLAN 
In  view  of  the  aims  stated  previously,  the MWFs  treatment  has  been  performed  as 
follows: 
 Screening of the best microbial agents for MWFs biodegradation. 
 Biodegradation experiments at flask scale  in order to optimize different culture 
conditions  like: medium  composition,  pH,  temperature, %  of  inoculum, MWF 
and non ionic surfactant concentration. 
 Scaling‐up the bioremediation process. 
 Modelling  behaviour  of  the  system  as  an  efficient  tool  to  have  a  better 
understanding of the process. 
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3.2 INTRODUCTION 
Metal  working  fluids  (MWFs)  are  employed  in  different  manufacturing  facilities 
(including automotive engine, transmission and stamping plants) in machining processes such 
as  turning  grinding,  boring,  tapping,  threading,  gear  shaping,  reaming,  milling,  broaching, 
drilling, hobbing, and band and hack  sawing. They  serve  for cooling of work piece and  tool, 
lubricating the process, and flushing away chips, fines, swarf, and residues. This kind of fluids 
allows  a  diversity  of  advantages  such  as  increasing  tool  life,  improve  part  quality,  licensing 
faster manufacturing, and preventing corrosion. From a life cycle perspective, the use of MWF 
can also reduce environmental  impacts of tools by reducing the rate of consumption (Skerlos 
et al., 2008). 
MWFs  can be divided  into  two main  categories: oil‐based and water‐based. Oil‐based 
MWFs  are  the  straight  and  soluble  oils,  and  the water‐based  are  the  synthetic  and  semi‐
synthetic oils. The  latter ones are the most commonly used  in engineering applications, thus 
resulting  in  a  huge  amount  of  organic  chemicals  in  the  MWFs  wastewater  (Glenn  &  van 
Antwerpen, 2004). 
Environmental concerns and health safety have favoured more tightening regulations of 
MWF  disposal.  The  European Union Water Directives  (2000/60/EC)  and  (2000/76/EC)  have 
provided a framework that list and identify actions to be taken in order to minimize the impact 
on  the  environment  and  to  reduce  the  negative  effect  of  a  typical  treatment  such  as 
incineration. Consequently, it establishes a threshold in the amount of spent MWF that can be 
disposed of by  incineration  (Cheng et al., 2005). This obviously  furthers  the  investigation of 
more environmentally sustainable, efficient and economical alternatives. 
There is a diversity of methods of MWF wastewater treatment, which can be classified as 
chemical,  physical  and  biological  (Kim  et  al.,  1994;  Portela  et  al.,  2001;  Ji  et  al.,  2004; 
Muszynski et al., 2007; Kobya et al., 2008; Anderson et al., 2009). However, one difficulty faced 
in  the  treatment of a MWF‐containing wastewater  is  that  the exact  composition of  the oils 
cannot be determined because substances of 85‐95% purity are used (Rabenstein et al., 2009). 
Furthermore,  one  single  MWF  can  contain  up  to  60  different  components,  including 
emulsifiers as  fatty alcohols or amino alcohols,  corrosion  inhibitors  (fatty acids, amines and 
borates), extreme pressure additives, foaming inhibitors and biocides, and the percentages of 
each compound are usually trade secrets of the MWF‐manufacturers. 
In  the  early  1990s,  just  a  few  biological  treatments  were  used,  and  the  dominant 
disposal methods were  chemical  and  physical  processes,  for  instance,  adding  chemicals  or 
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polymers, and using ultrafiltration and evaporation (Burke, 1991). Almost all techniques used 
(except  incineration  and  biologic  treatment)  do  not  ultimately  solve  the  problem  of  safe 
removal of MWF‐constituents, and more than two methods are usually required to reach high 
efficiencies  (Muszynski  et  al.,  2007).  Nowadays,  the  biological  methods  are  extensively 
recognized as being able  to offer  the most cost‐effective option  for organic matter  removal, 
and  therefore  used  for MWF wastewater  treatment.  The  analysis  of microbiota  thriving  in 
MWF allowed concluding that Pseudomonas is the most representative genus, with more than 
seven  species  present.  Among  them,  Pseudomonas  fluorescens,  Pseudomonas  putida  and 
Pseudomonas stutzeri were  frequently  isolated/detected  (Muszynski et al., 2007; Saha et al., 
2010). 
In this work, a biological method to degrade a MWF‐containing effluent was evaluated 
with the aim to achieve high degradation levels at bioreactor scale. Therefore, aspects such as 
obtaining  indigenous consortia  from spent MWFs, comparing  the process conditions  in plate 
and flasks with an axenic culture (P. stutzeri), and studying an appropriate cultivation medium, 
were  tackled  prior  to  investigate  the  process  at  bioreactor  scale,  and  achieving  high 
degradation values in a real MWF. 
 
3.3 MATERIALS AND METHODS 
3.3.1 MICROBIOLOGICAL MEDIA 
Different microbiological media describe below were used for carrying out this work. In 
all cases, the media were autoclaved for 21 min at 121°C prior to their use. The composition 
was as follows (in g/L): LB: casein peptone 10, yeast extract 5, NaCl 10, pH = 7.2 (Kyohara et al., 
1982);  LB  solidified with  agar  (15  g/L);  PS  (in  g/L):  yeast  extract  2, meat  extract  1,  casein 
peptone 5, NaCl 5, pH = 8, as  indicated by  the Spanish Type Culture Collection, PS solidified 
with  agar  (15  g/L); PS50: 50%  concentration PS medium; MM  (in  g/L): NaNO3 3.64, KH2PO4 
0.29,  pH  8  (Taylor  and  Freestone,  2001);  spent  MWF:  real  degreasing  bath,  no  data  of 
composition were facilitated by the supplier. 
3.3.2 METAL WORKING FLUIDS USED 
The MWF used in this work has the commercial name Rhenus FFS, and it was supplied by 
RhenusLub SA (Spain).  It was chosen because of  its  inherent recalcitrance. Such recalcitrance 
would pose a problem during biological waste treatment processes, so this kind of MWF was 
selected  as  a  model  to  represent  those  MWF‐polluted  effluents  that  are  difficult  to  be 
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biologically treated. Different compounds make up this fluid (pH = 9.3; density at 20°C = 0.96 
g/mL; viscosity at 20°C = 160 mm2/s; main components: 50% of synthetic oils, emulsifiers and 
corrosion  inhibitors)  but  due  to  commercial  sensitivities  the  precise  identity  of  the 
components and compositions cannot be revealed. This oil was added at the beginning of the 
cultures  performed  at  flask  and  bioreactor  scale,  at  the  concentrations  detailed  in  the 
manuscript. 
Additionally,  13  samples  stored  in  sterile  glass  tubes with  screw  tops were  collected 
from  different  real  spent MWFs  (containing  cutting  oils,  detergents, metal  particles,  etc.), 
provided by  several metal  sector  industries  in Galicia  (Northwestern Spain). They were used 
for  sampling,  subsequent  indigenous  consortium  obtaining,  and  also  for  the  degradation 
studies at bioreactor scale (Figure 3.1). 
 
 
Figure 3.1: Details of sampling for samples obtained from chemical degreasing baths. 
 
3.3.3 MICROORGANISM 
The bacteria P. stutzeri CECT 930 was obtained from the Spanish Type Culture Collection 
(ATCC  17588),  and  incubated  in  plates  containing  solidified  PS medium  at  26°C  for  5  days. 
Proliferation  cultures were  carried out  in 250 mL  Erlenmeyer  flasks  containing 50 mL of PS 
medium, which  served as  inoculum  for bioreactor  cultures. The  consortia were obtained by 
inoculation  of  the  13  samples  (previously  mentioned)  in  plates  containing  solidified  LB 
medium. The plates were incubated for 5 days at the selected temperatures. Afterwards, they 
were inoculated in flasks with LB medium at different pH and temperatures, in order to screen 
for  the consortia with higher  resistance  to harsh conditions  (similar  to  those existing  in  real 
spent MWFs). Proliferation cultures were carried out  in 250 mL Erlenmeyer  flasks containing 
50 mL of LB medium, which served as inoculum for bioreactor, as shown in Figure 3.2. 
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Figure 3.2: Flasks and plates of samples in different conditions. 
 
3.3.4 BIODEGRADATION EXPERIMENTS 
3.3.4.1 FLASK SCALE 
Flask  cultures were  used  during  the  first  stage  of  the  biodegradation  test,  since  they 
allow evaluating more easily the possible degradation potential of the isolated consortia, as a 
prior  step  to  the  operation  at  bioreactor.  First  of  all,  250 mL‐flasks  capped with  cellulose 
stoppers, and containing 50 mL of LB medium, with MWF concentrations between 1% and 3%, 
and  Tween  80  concentrations  between  0%  and  3%,  at  given  pH were  inoculated with  the 
consortia obtained and then maintained in an orbital shaker at 150 rpm and 50°C for 2 weeks. 
Samples  were  taken  out  at  regular  intervals  in  order  to  ease  biomass,  total  petroleum 
hydrocarbons  (TPH)  and  pH  monitoring.  P.  stutzeri  was  cultivated  in  flasks  containing  PS 
medium in the same conditions described above for the consortia. 
3.3.4.2 BIOREACTOR CULTURES 
Batch  cultivations  were  performed  in  a  5L  stirred  tank  bioreactor  (Biostat  B,  Braun, 
Germany)  (Figure 3.3) containing 3 L of medium, operating with pH control. Different media 
were  used,  ranging  from  rich  and  mineral  ones  to  a  spent  MWF  medium,  as  indicated 
previously. First of all, a set of batch bioreactors was investigated in order to define the most 
appropriate  basal medium  for  carrying  out  the  biological  reaction.  Thus,  PS, MM  and  PS50 
medium, containing 0.5% of fresh MWF, were investigated. Secondly, two levels of fresh MWF 
(0.5%  and  1%)  were  compared  in  bioreactors  containing  PS50  medium.  The  last  set  of 
bioreactors differed in the microorganism and culture medium used: P. stutzeri and indigenous 
consortia  cultivated  in  a  50:50 mixture  of  spent MWF  and  PS50 medium.  In  all  cases  the 
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bioreactors operated at 300 rpm, with an airflow of 0.5 L/min, at 50°C and pH control at 8.8 for 
about 2 weeks. 
The reactors were inoculated once at the beginning of the culture, with actively growing 
cells  from  flask  cultures  (3%  v/v)  at  0.28  g/L  concentration.  Samples were  taken  at  regular 
times  in order to ease the monitorization of pH, biomass and TPH content. A control reactor 
(‘‘non‐inoculated’’) was operated along with the inoculated ones. All cultures were repeated to 
check the reproducibility of the experimental results and samples were analyzed in triplicates. 
The  values  in  the  figures  and  tables  correspond  to  mean  values  with  relative  standard 
deviation lower than 15%. 
 
 
Figure 3.3: Scheme of Biostat B Braun stirred tank bioreactor. Dimensions: H1=24 cm, H2=29 cm, 
H3=34 cm, Hi=36.5 cm, HL= 21.9 cm, Di =16 cm. 
 
3.3.5 ANALYTICAL METHODS 
3.3.5.1 BIOMASS DETERMINATION 
Cells were harvested by  centrifugation  (10 min, 7300  rpm)  and  suspended  in distilled 
water  for  biomass  determination.  Biomass  concentration was measured  by  turbidimetry  at 
600 nm and the obtained values were converted to g cell dry wt/L using a calibration curve. 
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3.3.5.2 TPH ANALYSIS 
After  culture  centrifugation,  the  supernatant  was  reserved  for  pH  and  TPH 
measurements. Prior  to TPH measurement, Liquid–Liquid Extraction was performed  in a 250 
mL‐decanting  funnel  using  carbon  tetrachloride  as  solvent  according  to  a  the  US 
Environmental Protection Agency standard protocol (EPA 418.1, 413.2). 
TPH was  chosen,  among  the  possible  existing ways  to  assess  biological  degradation, 
since it is considered to be the most representative one to measure the cleanup of an effluent 
containing  this  type of MWF.  TPH  content  has been monitored  throughout  the  cultures,  in 
order  to assess  the viability of  the biological process as a  remediation method. TPH content 
was determined according to the method described by Ivancev‐Tumbas et al., (2004). 
Fourier  Transform  Infrared  spectra  were  recorded  using  a  Jasco  4100  spectrometer 
instrument equipped with a DTGS detector as the average of 32 scans at 4 cm‐1 resolution. The 
system was managed by Thermo Nicolet OMNIC software (v 7.3) (Figure 3.4). 
 
 
Figure 3.4: Decanting funnel and FTIR equipment. Characteristic FTIR spectra peaks of MWF. 
 
3.3.6 MATHEMATICAL MODELS 
The  cellular  growth  and  degradation  was  modeled  through  fitting  the  experimental 
results to the logistic equations 2.2 and 2.3, previously described in chapter 2. Additionally, the 
degradation degree was modelled as a  function of  the growth  rate and  the biomass as also 
detailed in the equation 2.4, which was shown in chapter 2. 
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3.4 RESULTS AND DISCUSSION 
3.4.1 SCREENING OF MICROBIAL AGENTS FOR BIODEGRADATION OF MWF 
Several metal manufacturing  companies  in Galicia  (Northwest  Spain) were  considered 
for sampling. 13 samples were collected and stored in sterile glass tubes with screw tops. From 
agar  plate  cultures  in  LB medium  9  indigenous  consortia with  potential  degrading  capacity 
were obtained. 
The physiological study of indigenous consortia and knowledge of their stress adaptation 
and tolerance mechanisms should be of great interest in regard to their potential use as agents 
for MWF degradation. The  implementation of an effective and efficient degradation process 
will then require the use of microorganisms able to thrive in the extreme conditions existing in 
spent MWFs.  These  fluids  contain  a mixture  of  chemicals,  such  as metal  particles,  oxides, 
detergents and cutting oils, which make it difficult to be degraded by biological means. 
All  the  consortia were  then  transferred  to  flask  cultures with  LB medium,  in different 
conditions of pH and temperature, and the results obtained are presented in Table 3.1. 
 
Table 3.1: Growth capabilities of obtained consortia and P. stutzeri. 
  pH 7  pH 8  pH 9 
Temp. (°C) 
Consortia 
30  42  46  50  30  42  46  50  30  42  46  50 
       
A1  ++  ++  ++  ++  ++  ++  ++  ++  ++  +  +  + 
A3  ++  ++  ++  ++  ++  ++  ++  ++  0  0  0  0 
A5  ++  ++  ++  ++  ++  ++  ++  ++  ++  +  +  + 
A6  ++  ++  ++  ++  ++  ++  ++  ++  ++  +  +  + 
O1  ++  ++  ++  ++  ++  ++  ++  ++  0  0  0  0 
O2  ++  ++  ++  ++  ++  ++  ++  ++  0  0  0  0 
C3  ++  0  0  0  0  0  0  0  0  0  0  0 
C4  ++  0  0  0  ++  0  0  0  0  0  0  0 
C5  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++ 
P. stutzeri  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++  ++ 
++, Good growth; +, Growth detected; 0, No growth 
 
It can be seen that all the consortia show good growth at pH 7 and 30°C. However, the 
operation  at  conditions more  similar  to  those  existing  in  a  degreasing  bath  containing  the 
spent  MWFs  (50°C  and  pH  9)  involves  a  drastic  reduction  in  the  growth  of  the  different 
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consortia. This  fact allows one  to conclude  that most of  the strains keep dormant under  the 
harsh conditions existing  in the degreasing bath. A visual  inspection of the cultures obtained 
allows to tentatively conclude that the consortia were made up of bacteria, and further work 
aiming  at  identifying  the  microbial  population  (through  16S  RNA  sequencing)  will  help  to 
elucidate  which  species  play  a  decisive  role  in  MWF  degradation.  In  fact,  extreme 
environments have  long been  considered  to be populated mostly by prokaryotic organisms 
(Gunde‐Cimerman et al., 2009). 
The dominant group of bacteria  found  in MWF‐contaminated effluents belongs  to  the 
genus  Pseudomonas,  such  as  P.  fluorescens  and  species  belonging  to  the  mendocina 
sublineage (Lee and Chandler, 1941; Rossmoore, 1995; van der Gast et al., 2001; Gilbert et al., 
2010). For this reason, P. stutzeri, a strain from the Spanish Type Culture Collection, was also 
chosen as model allochthonous  strain  to assess  the  viability of a MWF‐remediation process 
using an axenic  culture. As  can be observed  in Table 3.1,  the  cultivation of P.  stutzeri  in PS 
medium was viable  in all  the  conditions  tested,  showing a good  resistance  to  survive  in  the 
conditions existing in a spent MWF. 
Taking into account the results obtained, C5 consortium and P. stutzeri were selected as 
indigenous  and  allochthonous  microbial  agents,  respectively,  to  approach  the  MWF‐
contaminated effluent degradation at flask and bioreactor scale. 
3.4.2 BIODEGRADATION EXPERIMENTS AT FLASK SCALE 
First  of  all,  the  consortium  C5  was  inoculated  in  flasks  containing  LB  medium  and 
different concentrations of MWF. Preliminary experimental data allowed concluding almost no 
MWF degradation.  It must be taken  into account that the cultivation at flask scale  involves a 
triphasic system with solid cells, aqueous cultivation media, and organic MWF, which can lead 
to a deficient mixture and oxygen transfer and consequently, to poor levels of biodegradation. 
For  that  reason,  the  hypothesis  that  a  better  degree  of mixing  and  aeration  could  lead  to 
higher  levels of degradation  should not be discarded, and  the operation at bioreactor could 
provide a completely different hydrodynamic setting licensing to improve the performance of 
the remediation process. 
Moreover,  the operation at  flask  scale with  culture medium  containing a  spent MWF, 
involved drastic  fluctuations of pH values  (higher  than 9). This  fact caused microbial growth 
inhibition, which could explain the problems faced related to the degradation behaviour of the 
consortium. Therefore, the operation in bioreactor could be a valuable tool to render possible 
the pH control. 
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Additionally, the cultivation of P. stutzeri was also approached at flask scale in different 
combinations of (fresh MWF and a model surfactant) concentrations, as shown in Table 3.2. A 
possible way  of  enhancing  the  bioavailability  of  organic  contaminants  is  the  application  of 
surface active compounds. However, the data presented in Table 3.2 allow concluding that no 
amelioration  is obtained  in  the biological process when  the surfactant Tween 80  is added  to 
the culture medium.  In all cases, biomass  levels around 0.25 g/L and TPH reduction of about 
20%  is  obtained,  no  matter  the  surfactant  was  added  to  the  culture  medium  nor  the 
concentration of MWF used. 
 
Table 3.2: MWF content, biomass concentration and TPH degradation of P. stutzeri in flask 
cultures with PS medium. 
%MWF  % Tween 80  Biomass (g/L)  % TPH degradation 
1  0  0.25 ± 0.01  19 ± 3.5 
1  1  0.24 ± 0.02  18 ± 1.2 
2  0  0.16 ± 0.00  20 ± 5.9 
2  2  0.23 ± 0.03  18 ± 2.3 
3  0  0.28 ± 0.01  26 ± 5.1 
3  3  0.28 ± 0.03  25 ± 5.5 
 
There  is a diversity of behaviours  reported on  the  role of  surfactants  in  the biological 
remediation of organic contaminants. For example, in agreement with the results presented in 
this  paper,  some  investigators  have  reported  either  no  effect  or  inhibitory  action  (Laha & 
Luthy, 1991, 1992; Guha et al., 1998). Potential attempts to explain this fact include surfactant 
toxicity  to  the  microorganism  as  a  result  of  reduced  surface  tension  or  unfavourable 
interactions between surfactant functional groups and microbial membranes (Aronstein et al., 
1991;  Mosche  &  Meyer,  2002;  Deive  et  al.,  2009a)  or  preferable  microbial  uptake  of 
surfactants as substrate  (Laha & Luthy, 1991, 1992; Madsen & Kristensen, 1997; Bardi et al., 
2000). Based on the data reported by Bautista et al., (2009) for metabolic utilization of Tween 
80  as  carbon  source,  it  is  possible  to  hypothesize  that  this  compound  is  being  used  as 
substrate,  explaining  in  this way  the  absence  of  a  beneficial  effect  of  the  surfactant  in  the 
degradation process. 
3.4.3 BIODEGRADATION EXPERIMENTS AT BIOREACTOR SCALE 
The low levels or absence of degradation obtained at flask scale were explained in terms 
of the existence of a deficient mixing of the culture medium (as it could be visually concluded) 
and  a  possible  stress  response  due  to  the  extreme  pH  values.  Therefore,  the  operation  at 
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bioreactor  scale  could help  furthering  the  turbulence and  in  turn,  the mass  transfer, at  the 
same time that allows the pH control of the biological process. 
As  little  degradation  levels  were  obtained  at  flask  scale  by  using  P.  stutzeri,  this 
microorganism was used  for  studying  the process  at bioreactor  scale.  The  first  step was  to 
investigate  the  effect  of  three  different media  to  carry  out  the  biological  degradation,  as 
already explained in section 3.3. 
Additionally, as modeling the microbial growth and degradation can be an efficient tool 
to  have  a  better  understanding  of  the  relationship  between  MWF  degradation  and  the 
biomass production, an approach  to quantitatively ascertain  the basic parameters describing 
the  biological  process  was  carried  out.  Kinetic  microbial  modeling  possesses  a  particular 
importance  and  a  practical  significance  in  predictive  microbiology,  since  it  facilitates  the 
control of  the biological process,  and  allows  anticipating  the microbial  responses  to  certain 
environmental  conditions.  The  cellular  growth  and  TPH  reduction  data  were  adequately 
modeled through fitting the experimental results to the logistic equations described in chapter 
2 (Equations 2.2 and 2.3). The values of the parameters obtained are presented  in Table 3.3, 
and the models are graphically represented in Figure 3.5, together with the experimental data. 
From the results  it can be stated that the use of a rich medium (PS)  involves  levels of growth 
six  times  higher  than  the  other  alternatives  (MM  and  PS50), which  show  similar  values  of 
biomass. However,  in all cases  the  specific growth  rate  is more  than 10‐fold  lower  than  the 
values reported by Becker et al., (1997) and Deive et al., (2009b) for other bacteria growing in 
lab‐scale bioreactors. 
In relation to the TPH content reduction, the shape of the curves is quite similar to those 
obtained  for  the  biomass,  obtaining  very  good  fittings  to  a  logistic model.  The  parameters 
obtained  from  the  fittings are also shown  in Table 3.3 and graphically  represented  in Figure 
3.5.  It  is  possible  to  check  that  the  rich medium  is  the  one  involving  the  lowest  levels  of 
biodegradation, and the reduction of the concentration to one half, allows achieving up to 48% 
of TPH reduction. The reason can be that compounds more easily degradable (peptone, yeast 
and meat  extract)  are  being  utilized  by  the microorganism,  instead  of  the more  persistent 
MWF components. Additionally, as also observed previously with the specific growth rate, the 
specific degradation rates obtained are much lower than those reported by Deive et al., (2010) 
for the bacterial degradation of a dye‐polluted effluent. 
In  this  case,  more  information  can  be  obtained  by  applying  the  model  reported  by 
Marqués et al., (1986), described  in detail  in chapter 2 (Equation 2.4). The data obtained are 
presented  in Table 3.3. It seems clear that the biodegradation process  is more dependent on 
the biomass production, since in all cases m is more than 3 orders of magnitude higher than n. 
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This behavior was also reported in other biological processes such as the production of lipases 
or the degradation of organic compounds (Rajendran & Thangavelu, 2009; Deive et al., 2010). 
The final aim of this work is to reach a viable biological process to degrade a real MWF 
effluent, and since the concentrations used of MWF could vary between 0.1% and 1%, the next 
step was to carry out the biological reaction in a medium containing 1% of MWF, in order to be 
compared with the biological process in a reactor containing PS50 medium (the one that led to 
higher levels of degradation). 
 
Figure 3.5: Biomass concentration and TPH content reduction in bioreactor cultures of P. stutzeri 
containing 0.5% of MWF: () PS Medium; () MM Medium; () PS50 Medium. Symbols: experimental 
data, solid lines: logistic model. 
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From the data depicted in Figure 3.6 and Table 3.3, it is clear that the use of higher levels 
of MWF not only does not reduce the efficiency of the process, but also involves an increase in 
biomass  levels  and  TPH  reduction,  in  seven  times  and  20%,  respectively.  In  the  same way, 
higher  levels  of  oil  degradation  with  increased  amounts  of  oil  in  a  waste  effluent  were 
reported  by  Domínguez  et  al.,  (2010)  when  studying  a  biodegradation  process  by  the 
microorganism Yarrowia  lipolytica. Furthermore, from the data presented  in Table 3.3,  it can 
be checked that, although some variations are observed  (m  for 0.5% and 1%  is equal to 198 
and 50, respectively, and n 0.85 and 0.11, respectively); a great dependence from the biomass‐
related parameter is again observed. 
 
Figure 3.6: Biomass concentration (void symbols) and TPH content reduction (full symbols) in 
bioreactor cultures of P.stutzeri in PS50 medium: (, ) 0.5% of MWF, (, ) 1% of MWF. Symbols: 
experimental data, solid lines: logistic model. 
 
Another aspect that was checked  in this research work was to know  if 3% of  inoculum 
was an adequate value for achieving high  levels of degradation. The results (data not shown) 
allowed concluding that the use of higher amounts of inoculum did not result in any benefit in 
the  degradation  process,  while  a  non‐inoculated  bioreactor  led  to  the  absence  of  TPH 
reduction. Therefore, 3% of inoculum was selected for next operations. 
Once  it  was  demonstrated  that  a  correct  medium  design  allowed  improving  MWF 
degradation  levels  from 16%  to about 60%,  the process was  carried out with a  spent MWF 
mixed  with  PS50  medium  (50:50),  in  order  to  provide  a  minimum  amount  of  nutrients 
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rendering possible  the growth of  the microorganism.  In  this case, no sterile conditions were 
used, in order to imitate the real conditions of the process as much as possible. 
In  parallel  with  this,  the  indigenous  consortium  C5  was  also  evaluated  in  order  to 
compare  its degradation potential with  that provided by  the allochthonous strain P. stutzeri. 
As  in previous experiments, all  the experimental data were adequately  fitted  to  logistic and 
Luedeking & Piret model, and the values are graphically presented in Figure 3.7 and also listed 
in Table 3.3. 
 
Figure 3.7:  Biomass concentration and TPH content reduction in bioreactor cultures of P. stutzeri 
() and consortium C5 () in spent MWF and PS50 medium (50:50). Symbols: experimental data, solid 
lines: logistic model. 
 
It can be observed  that  the operation with P.  stutzeri was  successfully developed  in a 
stirred tank bioreactor, reaching more than 70% of degradation and more than 0.7 g/L of cell 
concentration  in  less  than 2 weeks of cultivation, which confirms  the validity of  the strategy 
followed and ensuring the viability and efficiency of this biological remediation process. At the 
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same time,  it was also proved that the operation with the consortium C5 at bioreactor scale, 
allowed reaching almost 50% of degradation, contrarily to what happened at flask scale. 
The higher potential of a single isolate than a consortium to remediate organic‐polluted 
effluents was also recently demonstrated by Deive et al., (2010) when using bacteria obtained 
from  thermal  springs  to degrade  the dye Reactive Black 5. Although  the  comparison of  the 
results obtained with  similar  literature data  is difficult  since  the  composition of MWF  is not 
usually  specified,  there are  some  representative examples  that  can be considered  similar  to 
those  used  in  this  work,  and  show  different  operation  modes,  degradation  times,  and 
remediation values. For instance, Muszynski & Lebkowska (2005) investigated the treatment of 
a  MWF  wastewater  effluent  in  a  bioreactor  operating  with  immobilized  bacteria  in  a 
sequencing batch bioreactor in 5 cycles. The duration of the first as well as the fifth cycle was 
21 days while  the duration of each of  the  second,  third and  fourth cycles was 14 day. Each 
cycle consisted of an anoxic phase (0.5 h in duration) and an aerobic phase (5.5 h in duration), 
which  repeated  continuously  one  after  the  other  throughout  each  of  the  cycles  and  they 
registered about 95% of TPH content reduction at the end of the 5th cycle. In the same way, 
Connolly et al., (2006) obtained lower results of degradation (34% in 2 weeks) when studying a 
hybrid physicobiological approach to waste treatment of a spent MWF, although the different 
methods used to follow the biodegradation do not allow to make further comparison with this 
work. 
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Table 3.3: a) Fitting parameters obtained for MWF degradation process by P. stutzeri and b) for 
MWF degradation process by P. stutzeri and consortium C5 in PS50 and spent MWF medium. 
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3.5 CONCLUSIONS 
Metal  working  fluids  (MWFs)  have  proved  to  be  effective  for  improving  machining 
processes.  However  one  should  be  careful  when  considering  their  use  in  terms  of 
environmental  sustainability,  for  example  by  proposing  recycling  procedures  leading  to  an 
increased usage efficiency. 
The  development  of  a  novel  biological  process  to  treat MWFs‐containing  effluents  at 
bioreactor scale was pursued in this work and the main issues investigated were: 
 Bacteria P.  stutzeri CECT 930 was proposed  for  the  first  time as an alternative 
agent for MWF degradation. 
 An  adequate medium  design  and mixing  and  aeration  system,  as well  as  an 
appropriate  microorganism  proved  to  be  crucial  for  reaching  high  levels  of 
degradation. 
 Both  P.  stutzeri  and  indigenous  consortium  reached  about  70%  and  50%  of 
reduction  in  total petroleum hydrocarbon  content  (TPH)  in  less  than 2 weeks, 
respectively. 
 
Additionally, as there  is no  information  in  literature trying to kinetically characterize an 
MWF‐polluted effluent degradation process, all  the experimental data were  fitted  to  logistic 
and Luedeking & Piret models,  that allowed  to elucidate  the growth‐associated character of 
the biodegradation process  for both  indigenous  consortium  and  P.  stutzeri  cultures. All  the 
above mentioned  confirms  the  relevance  of  this  biological  process  as  an  efficient  way  to 
degrade MWF‐polluted effluents, and  the modeling allowed  characterizing  for  the  first  time 
this kind of remediation process. 
Once the viability of the biological process has been assessed, to carry out the biological 
degreasing baths from industries is necessary to perform a sequential process: 
 first degreasing bath for the treatment of the pieces, 
 followed by a biological degreasing of such water. 
as shown in Figure 3.8: 
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P-1 / V-101
Degreasing Bath
P-2 / V-102
Biological Reaction
P-3 / CL-101
Sedimentation
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Undegraded MWF
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S-101
P-4 / G-101
Gas Compression
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S-107
 
Figure 3.8: Proposed flowsheet diagram for the biological treatment. 
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4.1 AIMS AND WORKING PLAN 
4.1.1 AIMS 
Since bioremediation  techniques have been presented  in previous chapters  (chapter 2 
and 3) as a promising biotechnology  for clean‐up operations, this chapter will be  focused on 
other type of hazardous pollutants: Polycyclic Aromatic Hydrocarbons (PAHs). 
In this chapter, phenanthrene (PHE) (a three aromatic ring molecule), pyrene (PYR) and 
benzo[a]anthracene  (BaA)  (both with  four aromatic  rings) have been used as models of Low 
Molecular  Weight  (LMW)  and  High  Molecular  Weight  (HMW)  PAHs  to  propose  a  viable 
biodegradation strategy at flask and bench scale bioreactor. 
Different aims will be approached along this chapter, like: 
 Obtaining a PAHs degrading bacterial consortium from lab waste soils by means 
of an enrichment culture technique. Likewise, factors affecting bacterial growth 
such as PAHs concentration, pH, and temperature will be optimized. 
 Elucidate  the  extent  of  PHE,  PYR  and  BaA  degradation  rate  by  a  bacterial 
consortium as well as the scale up of the process in a stirred tank bioreactor. The 
bioremediation  strategy  will  be  scaled‐up  from  shake  flasks  to  stirred  tank 
bioreactor. 
 After assessing the biodegradability of an effluent containing each contaminant 
separately, the process will be carried out in the presence of a mixture of three 
compounds. 
 Another goal will be to identify  intermediate metabolites  in a three‐component 
mixture of PAHs (metabolic cooperation) during the biodegradation process. 
 Evaluation  of  newly  organic  solvents,  Ionic  Liquids  (ILs),  as  alternative  to 
solubilising agents instead of traditional surfactants it has will be approach under 
the supervision of Molecular Thermodynamics group of  Instituto de Tecnología 
Química e Biológica (ITQB) (Lisbon). 
 Once  the  feasibility  of  the  biological  process  in  batch  operation  was 
demonstrated, a fed‐batch strategy was approached, as a means of building the 
foundations of the operation in a continuous stirred tank reactor. 
 Moreover, based on  the  results of biodegradation,  an economic evaluation of 
this process at industrial scale will be approached by using simulation data. 
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4.1.2 WORKING PLAN 
The working plan strategy to achieve the objectives described in section 4.1.1 includes: 
 Strain  isolation of bacterial species from  lab soils polluted with PAHs and heavy 
metals followed by a genetic identification based on 16S rRNA sequences. 
 Assessment of  the effect of different decisive variables on  the performance of 
the  degradation  process  like:  broth medium  composition, minimum  inhibitory 
concentration. 
 Optimization of biodegradation conditions at flasks scale: Experiment design. 
 To evaluate  the potential of Pseudomonas  stutzeri  and  a bacterial  consortium 
isolated from lab polluted soils as PAHs degraders. 
 Study  of  the  biodegradation  assays  of  an  effluent  containing  three  different 
PAHs separately (PHE, PRY, BaA) and mixed. 
 Modelling biological process using logistic equations. 
 To analyze a  fed‐batch strategy, as a means of building  the  foundations of  the 
operation in a continuous stirred tank reactor (CSTB). 
 To  approach  the  scaling  up  of  the  bioremediation  process  at  stirred  tank 
bioreactor. 
 To elucidate the main metabolic biodegradation pathway for the studied PAHs. 
 Estimation  of  a  tentative  economic  evaluation  of  a  industrial  plant  for  the 
treatment of a real effluent. 
 Enhanced PAHs solubilisation by means of neoteric solvents in collaboration with 
the Molecular Thermodynamics group of ITQB (Lisbon) under the supervision of 
Prof. Dr. Rebelo. 
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4.2 INTRODUCTION 
Nowadays,  there  is  an  increasing  concern  about  the  presence  of  Polycyclic  Aromatic 
Hydrocarbons  (PAHs)  in  the  environment.  PAHs  are  known  to  be  highly  toxic, mutagenic, 
genotoxic and carcinogenic to living organisms, thus representing considerable environmental 
risks  (Zhong  et  al.,  2011;  Simarro  et  al.,  2011).  These  compounds  are  common  pollutants 
consisting  of  two  or more  fused  aromatic  rings,  in  linear,  angular  or  cluster  arrangements 
which  originate  both  from  anthropogenic  and  natural  sources,  such  as  the  incomplete 
combustion of fossil fuels or municipal solid waste incineration, and forest and rangeland fires 
(Zhao et al., 2009; Haritash & Kaushik, 2009). 
The presence of PAHs in the environment has been monitored since the 1970s by the US 
Environmental  Protection  Agency  (USEPA)  and  16  PAHs  have  been  defined  as  priority 
pollutants.  They  form  a  subset  of  ‘‘toxic  pollutants’’  including,  for  example,  naphthalene, 
phenanthrene (PHE) and anthracene (Bautista el al., 2009). 
It has been  long known that this type of compounds are persistent  in the environment 
due to their physicochemical properties which include very low aqueous solubility and vapour 
pressure,  high  hydrophobicity  (high  log  Pow),  high  adsorption  coefficient  and  high 
thermodynamic  stability  of  the  aromatic  ring  determined  by  their  conjugated  -electron 
system  that  makes  them  to  be  weakly  bioavailable  (Cao  et  al.,  2009).  Besides,  increased 
molecular weight involves lower solubility in water, lower vapour pressure, and higher melting 
and boiling points  (Haritash &  Kaushik,  2009),  so  they  cannot degrade  easily  under  natural 
conditions. 
An estimated 2.3∙105 metric  tons of PAHs enter  in aquatics  systems every year, which 
points the importance of this environmental problem (Kennish, 1992). During the last decades 
different  technologies  have  been  explored  in  order  to  remove  them.  These methods  have 
been  classified  into  three  main  categories,  physical  (volatilization,  photolysis,  adsorption, 
electroremediation,  filtration),  chemical  (chemical  oxidation,  photocatalysis,  coagulation‐
flocculation) and biological, (biosorption or biodegradation), being the  latter the most cheap, 
environmentally  friendly and effective way  to decontaminate soils and effluents  (Kim & Lee, 
2007; Janbandhu & Fulekar, 2011). Microbial activities allow the mineralization of this kind of 
compounds into carbon dioxide and water. The potentiality of microbes as degradation agents 
of  several  PAHs  thus  indicates  biological  treatment  as  the  major  promising  alternative  to 
attenuate  the  environmental  impact  caused  by  these  types  of  contaminants  (Janbandhu & 
Fulekar, 2011). 
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However, biodegradation processes depend on the number and type of microorganisms 
used  (bacteria  or  fungi),  nature  and  chemical  structure  of  the  pollutant  and  on  the 
environmental  conditions  (Stapleton  et  al.,  1998;  Haritash  &  Kaushik,  2009).  Usually, 
biodegradation pathways  involve the breakdown of organic compounds, being ring fission by 
intracellular oxidation and hydroxylation the typical initial steps to achieve a biotransformation 
into  less complex metabolites up  to a  complete mineralization  into  inorganic minerals, H2O, 
CO2 (aerobic) or CH4 (anaerobic) (Cerniglia, 1992). 
During  the  last  years,  a  wide  phylogenetic  diversity  of  bacteria  from  the  genera 
Alcaligenes (Weissenfels et al., 1990), Arthrobacter (Guo et al., 2008), Burkholderia (Kim et al., 
2003),  Pseudomonas  (Chavez  et  al.,  2004),  Rhodococcus  (Dean‐Ross  et  al.,  2002), 
Staphylococcus (Seo et al., 2009), Sphingomonas (Madueno et al., 2011), among others, have 
been reported to be able to degrade PAHs (Seo et al., 2009). More specifically, bacteria from 
the  genus  Pseudomonas  have  been  the  subject  of  a  great  scientific  interest  due  to  their 
efficient capacity to aerobically degrade a wide range of aromatic compounds from benzene to 
benzopyrene, which  is considered  to be one of the most carcinogenic and toxic PAHs by the 
USEPA  (Cao  et  al.,  2009).  Literature  reflects  that  Pseudomonas  stutzeri  strains  have  been 
considered to be able to metabolize compounds like PHE and PYR (Seo et al., 2009; Kazunga & 
Aitken,  2000).  However,  this  is  the  first  time  that  P.  stutzeri  is  proposed  for 
benzo[a]anthracene  (BaA) degradation,  so  this  strain will be used as model  to  compare  the 
degradation potential with that provided by a consortium isolated from lab wastes. 
Nowadays,  considerable  efforts  have  been  focused  on  the  isolation  of  new 
microorganisms able to degrade PAHs in order to shed light on the fate of these compounds in 
natural  environments. At  the  same  time,  these  efforts will  help  to  allow  a more  conscious 
design and  implementation of novel bioremediation schemes and avoiding the production of 
potentially toxic metabolites  (Seo et al., 2007; Grace et al., 2011; Gutiérrez, 2011; Rosales et 
al.,  2012;  Ling  et  al.,  2011;  Kazunga  et  al.,  2001).  Relevant  factors  such  as  bacterial  agent, 
contaminant  concentration,  pH,  and  temperature  will  exert  a  decisive  influence  on  the 
utilization  of  substrates,  protein  and  cytoplasm  synthesis,  and  the  release  of  intermediates 
(Ghevariya et al., 2011). 
One typical drawback of bioremediation methods  is the  long treatment periods, due to 
the  low  PAHs  solubility  in  aqueous media.  A way  to  overcome  this  problem  is  by  adding 
surfactant  compounds,  amphiphilic  molecules  that  increase  solubility  of  hydrophobic 
molecules  by  decreasing  the  interfacial  surface  tension  between  PAHs  and  the 
aqueous/organic interphase. Although surface active components have been well documented 
to enhance the solubility properties, the beneficial or negative  impacts of surfactants are still 
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in a preliminary stage. Some authors have pointed that, among the existing alternatives, non‐
ionic surfactants are less toxic to bacteria than anionic and cationic ones (Sartoros et al., 2005). 
Among the typical surfactants used, Tween 80 has been highlighted in a plethora studies, as a 
non‐toxic and efficient alternative, and it was even reported to act as carbon source in cultures 
of  Pseudomonas  sp.  (Bautista  et  al.,  2009).  In  this  way,  Sponza  et  al.,  (2010)  data  are  in 
agreement with the biodegradation and reaction rate of this kind of surfactants. 
Some  recent  studies  have  converged  upon  the  idea  that  increased  biodegradation 
efficiency can be  reached  in  the presence of a mixed bacterial culture  (Mrozick et al., 2003; 
Zhong  et  al.,  2011;  Janbandhu &  Fulekar,  2011;  Silva  et  al.,  2009).  Grounded  on  this  fact, 
metabolic  cooperation  is  gaining  further  momentum  to  explain  an  enhanced  PAHs 
assimilation,  since  metabolic  intermediates  produced  by  some  microorganisms  can  act  as 
substrates  for  others  (Silva  et  al.,  2009).  Following  this  trend,  Janbandhu &  Fulekar  (2011) 
reported  that  the  use  of  a  single  strain  is  a  proper  approach  to  understand  bioprocess 
performance but does not reflect a real bioremediation case in natural environments, where it 
is almost impossible that pure strain can exist alone.  
Moreover,  as  reported  Dean‐Roos  et  al.,  (2002),  historically  contaminated  sites  and 
effluents are characterized by  the presence of complex mixtures of several pollutants. More 
specifically,  PAHs make  up  a  group  of  persistent  compounds,  and  then  different  strategies 
have been  tackled  to  succeed  in  their biodegradation,  such as  cometabolism  (Pathak et al., 
2008; Klankeo et al., 2009). 
 
4.3 MATERIALS AND METHODS 
4.3.1 CHEMICALS AND CULTURE MEDIA 
Phenanthrene  (PHE),  pyrene  (PYR)  and  benzo[a]anthracene  (BaA)  (purity  higher  than 
99%)  used  in  degradation  experiments  were  purchased  from  Sigma  Aldrich  (Germany). 
Relevant  properties  of  these  compounds  are  shown  in  Table  4.1.  The  non‐ionic  surfactant 
Tween 80 was  supplied by Merck  (Figure 4.1  shows  the  structure  and main properties). All 
chemicals used were  at  least,  reagent  grade or better. PAHs  stock  solutions were 5 mM  in 
acetone. 
Minimal  medium  (MM)  was  used  for  biodegradation  experiment.  The  medium 
composition was as follows (per litre): Na2HPO4∙2H2O 8.5 g, KH2PO4 3.0 g, NaCl 0.5 g, NH4Cl 1.0 
g, MgSO4∙7H2O 0.5 g, CaCl2 14.7 mg. MM also contained trace elements (per  litre): CuSO4 0.4 
PAHs 
4‐8 
mg, KI 1.0 mg, MnSO4∙H2O 4.0 mg, ZnSO4∙7H2O 4.0 mg, H3BO3 5.0 mg, H2MoO4∙2H2O 1.6 mg, 
FeCl3∙6H2O 2.0 mg. 
Table 4.1: Main physical properties of used PAHs. 
 
A  concentrated  stock  solution  containing  these  salts was  prepared  and  added  to  the 
medium (2mL/L). PS medium was composed of (g/L): yeast extract 1.0, meat extract 0.5, casein 
peptone 2.5 and NaCl 2.5. Solid agar plate was composed of (g/L): NaCl 3, peptone 10, yeast 
extract 5 and agar 15. 
 
 
Figure 4.1: Structure of surfactant Tween 80, Polyoxyethylenesorbitanmonooleate, M.W.: 1310, 
CMC (mM) 0.12, Density 1.060‐1.090 (g/mL). 
 
4.3.2 MICROORGANISM 
Bacterium Pseudomonas stutzeri CECT 930 used as control (allochthonous strain) in this 
study was obtained from the Spanish Type Culture Collection (ATCC 17588). This bacterium is a 
Gram‐negative,  rod‐shaped and  single polar  flagellated bacterium  (Lalucat et al., 2006),  that 
Compound  M.F.  Structure  M.W.  B.P. 
(°C) 
M.P. 
(°C) 
V.P. 
(Pa at 25°C) 
Aqueous solubility
(mg/L) 
PHE  C14H10  178.23  340  105.5  6.8∙10‐4  1.20 
PYR  C16H10  202.26  393  156  2.5∙10‐6  0.077 
BaA  C18H12  228.29  400  162  2.2∙10‐8  0.010 
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was  inoculated  in plates  containing PS medium  following  the  instructions  recommended by 
CECT (incubated at 26°C for 5 days) (Figure 4.2). 
 
 
Figure 4.2: Plate culture of Pseudomonas stutzeri. 
 
Moreover,  PAHs  degrading  bacterial  consortium  species were  isolated  from  lab  soils 
polluted with PAHs and heavy metals, by using an enrichment culture  technique. Soil  (10 g) 
was suspended in 100 mL of MM with 100 µM BaA as sole carbon source and 1% Tween 80 as 
solubilising agent and was  incubated with shaking at 150  rpm at 30°C  in  the dark. After one 
week, 10 mL of this culture were used as inoculum in fresh MM (100 mL) containing the same 
concentration of BaA as above and  incubated under the same conditions. Repeated transfers 
were  carried  out  in  fresh  MM  amended  with  BaA  till  a  stable  BaA  degrading  bacterial 
consortium  was  obtained  showing  consistent  growth  and  BaA  degradation.  After  several 
transfers, a stable BaA degrading bacterial consortium was obtained and it was designated as 
consortium  LB2.  Strain  isolation  was  carried  out  by  the  13‐streak  plate  method,  which 
consisted of a mechanical dilution of  the  samples on  the  surface of agar plates which were 
incubated at 30°C. After isolation, the microorganisms were maintained in PDA plates. 
The isolated strains making up the consortium LB2 were Gram‐positive bacteria and the 
genera present  turned out  to be Staphylococcus and Bacillus as  indicated  in Table 4.2. Data 
based on the 16S rRNA sequence of the isolates, indicated a close match with the sequences of 
Staphylococcus warneri  (100%  homology)  and  Bacillus  pumilus  (99%  homology)  available  in 
public databases of GeneBank (http://www.ncbi.nlm.nih.gov/). 
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Table 4.2: Main characteristics of the isolated PAHs degrading bacteria. 
  Morphology  Genetic Identification 
Bacterium  Gram Character  Colony appearance  Identity % 
LB2a   +  Round shaped, pale white colonies  Bacillus pumilus (99%) 
LB2b  +  Round shaped colonies  Staphylococcus warneri (100%) 
 
4.3.3 PAHS BIODEGRADATION ASSAYS AT DIFFERENT SCALES 
4.3.3.1 FLASK SCALE 
Submerged cultures were carried out in 250‐mL Erlenmeyer flasks with 50 mL of medium 
containing 1% w/v of  the non‐ionic surfactant Tween 80, and 2% v/v of acetone. The  flasks, 
capped with cellulose stoppers, were inoculated (3%) with previously obtained cell pellets, and 
incubated in the darkness for 15 days in an orbital shaker at 37.5°C, initial pH 7.5, and 150 rpm. 
Samples were withdrawn at different times to monitor PAHs biodegradation and cell density. 
4.3.3.2 BIOREACTOR SCALE 
The  Stirred Tank Bioreactor  (STB)  (Biostat B, Braun, Germany)  consisted of a  jacketed 
glass column with 16 cm of  internal diameter and 36.5 cm high  (working volume: 3L).  It was 
filled with  the medium described  above  containing  100 M of  PAHs.  The  temperature was 
maintained at 37.5°C by circulation of thermostatted water, and the pH was adjusted to 7.5. 
The bioreactor was  inoculated with actively growing  cells  from 24 h  flask  cultures  (3% v/v). 
Humidified air was supplied continuously at 0.17 vvm and samples were taken regularly during 
the  experimental  period.  The  operation  at  continuous mode  was  achieved  by  adding  and 
removing medium continuously at different dilution rates. 
All cultures (shake flasks and bioreactor) were repeated to test the reproducibility of the 
experimental results and samples were analysed in triplicate. The values shown in figures and 
tables correspond to mean values with a standard deviation (S.D.) lower than 15%. 
4.3.3.3 ENCHANCED SOLUBILITY OF PAHS BY ILS 
The  ionic  liquids  (ILs) used  in  this  study were purchased  from  IoLiTec. Their  structures 
are  presented  in  Table  4.3,  together  with  their  molecular  weights  and  critical  micellar 
concentration (CMC). 
3 mL of each ILs solution at various concentrations from 1 to 1000 mM were added to a 
glass tube (nominal volume of 5 mL) with teflon coated cap. Excess mass of PHE was added to 
each  tube  for dissolution. After  the  tube was equilibrated at 25°C  for 72 h, undissolved PHE 
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particles  were  removed  with  a  Whatmann  filter  (nº5).  PHE  concentration  in  water  was 
analyzed by HPLC techniques. 
Table 4.3: Molecular structure of the selected ILs. 
Chemical name  Molecular structure  M.W. 
(g/mol) 
CMC 
(mM) 
1‐octyl‐3‐methyl 
imidazoliumchloride  230.87  220 
1‐decyl‐3‐methyl 
imidazoliumchloride  258.93  55 
1‐dodecyl‐3‐methyl 
imidazoliumchloride  286.89  13 
1‐tetradecyl‐3‐methyl 
imidazoliumchloride  315.05  4 
1‐octyl‐3‐methyl 
imidazoliumoctylsulfonate  388.66  15 
1‐ethyl‐3‐methyl 
imidazoliumoctylsulfate  320.45  ‐ 
bis‐
1,1dodecylbutylpyridinium 
bromide 
708.95  ‐ 
1,1 methyl dodecyl 
piperidinium bromide   
 
330.40  15 
 
4.3.4 ANALYTICAL METHODS 
4.3.4.1 CELL GROWTH DETERMINATION 
Biomass  concentration was measured  by  turbidimetry  at  600  nm,  and  the  obtained‐
values were converted to grams of cell dry weight per  litre using a calibration curve both for 
the allochthonous strain used as a control, P. stutzeri (Biomass ((g/L) = 0.436∙Absorbance, R2= 
0.997) as  the  indigenous consortium LB2  (Biomass  (g/L) = 0.5415∙Absorbance, R2= 0.995), as 
are plotted in the Figure 4.3. 
N+
N Cl
-
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Figure 4.3: Biomass concentration for P. stutzeri and LB2consortium. 
 
4.3.4.2 PAHS ANALYSIS 
PHE, PYR and BaA concentrations in the culture media were analyzed by reversed‐phase 
high  performance  liquid  chromatography  (HPLC)  equipped  with  a  XDB‐C8  reverse‐phase 
column (150×4.6 mm i.d., 5 µm) with its corresponding guard column. The HPLC system was an 
Agilent 1100 equipped with a quaternary pump and photodiode array UV/Vis detector (252.4 
nm). Prior to injection, the samples were filtered through a 0.45‐µm Teflon filter. The injection 
volume was set at 5 μl, and  the  isocratic eluent  (40:60 acetonitrile/water) was pumped at a 
rate of 1 ml/min for 10 min. 
 
4.3.4.3 METABOLITES IDENTIFICATION 
In  order  to  identify  intermediate  compounds  formed  during  the  degradation  process, 
aliquots of 5 mL were extracted twice with 5 mL of chloroform. The organic phase extractions 
were combined and dried over with anhydrous sodium sulfate (Zhao et al., 2009). 1 L of this 
organic phase was analyzed using an Agilent GC 6850 gas chromatograph equipped with a HP5 
MS  capillary  column  (30  m  x  250  m  film  thickness  x  0.25  mm,  Agilent),  operating  with 
hydrogen carrier gas, coupled to an Agilent MD 5975 mass spectrometer (MS). The GC injector 
was operated  in  splitless mode, 1 L aliquots were  injected using an autosampler; GC oven 
was programmed  to hold 50°C  for 4 min,  then  raise  the  temperature by 10°C/min  to 270°C, 
which was held for 10 min. PAHs degradation products were identified by comparison with the 
NISTS search 2.0 database of spectra. 
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4.3.4.4 ADSORPTION TEST 
The  test  used  to  evaluate  PAHs  biosorption  over  the  biomass  was  performed  by 
following the procedure given by Sponza et al., (2009) with minor modifications. Briefly, 50 mL 
of culture medium, at the same conditions as those used in biodegradation assays, were taken 
and  centrifuged  at  10,000  rpm  and  4°C.  After  removing  the  supernatant,  biomass  samples 
were washed and re‐suspended  in 5 mL of methanol  in order  to extract  the adsorbed PAHs. 
Then,  these  samples were measured  in  HPLC,  following  the  same  procedure  as  previously 
detailed. 
4.3.5 EXPERIMENTAL DESIGN 
The  Response  Surface  Methodology  (RSM)  is  a  valuable  tool  widely  applied  in 
engineering  processes  for  optimization  purposes  (Abdelhay  et  al.,  2008; Martínez‐Toledo & 
Rodríguez‐Vázquez, 2011). Under this methodology it is possible to identify optimal conditions 
while minimizing the number of experiments required for a selected response. In this study, a 
Central  Composite  Face‐Centered  design  (CCF) was  planned  for  the  optimisation  of  culture 
conditions  in  flask  cultures used  for PHE biodegradation. 20 experiments were employed  in 
this work  including  six  replicates  at  the  central  point.  Three main  variables were  selected: 
temperature (XA), pH (XB) and PHE concentration (XC), as factors that may potentially have an 
effect  on  the  response  function  (PHE  degradation).  On  the  other  hand,  the  independent 
variables were studied at three different levels: +1, 0, and ‐1 corresponding to upper, basic and 
lower level, respectively. 
The  experimental  design  used  for  this work  is  listed  in  Table  4.4,  and  is  based  on  a 
preliminary analysis of  the  range where  the growth  is  viable  (temperature between 25  and 
40°C,  and  pH  between  5  and  8).  All  experiments  were  carried  out  in  triplicate  and  the 
calculated standard deviations (SD) were less than 5%. 
 
Table 4.4: Coded levels and independent variables for the proposed biodegradation process. 
Coded level  XA 
Temperature(°C) 
XB 
pH 
XC 
ConcentrationM) 
‐1  27.5  5.5  100 
0  32.5  6.5  400 
+1  37.5  7.5  700 
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4.4 RESULTS AND DISCUSSION 
4.4.1 ISOLATION OF AEROBIC PAHS DEGRADING BACTERIA 
The  consortium was  grown  on  solid MM  plates with  sprayed  BaA  (0.05%)  (BaA was 
dissolved in acetone and then was sprayed on the interior surface of the lid of a Petri plate). A 
mixed bacterial  culture with high  capacity  to  aerobically metabolize PAHs  as  carbon  source 
was  isolated  from  hydrocarbon  and  heavy metals‐polluted  lab wastes  and were  tentatively 
identified based on the 16S rRNA sequence (Figure 4.4). 
Figure 4.4: Public databases of GeneBank (http://www.ncbi.nlm.nih.gov/) by using BLAST. 
 
Based  on  the  morphological  and  biochemical  characteristics,  two  distinct  types  of 
bacteria were  isolated  in pure  cultures by  the  formation of  clear  zones on  the double  layer 
plates and they presented fast growth, which is unusual in this kind of microorganisms. These 
strains were differentiated by both macroscopic characteristics when cultured  in agar plates 
like  colour  and  form  and microscopic  ones  like  cells morphology  and  Gram  staining.  Two 
strains have been  isolated  from  the  consortium, which were  identified  to be made up with 
Bacillus pumilus and Staphylococcus warneri. 
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Up  to  our  knowledge,  there  are  no  references  concerning  PAHs  degradation  at 
bioreactor scale by these microorganisms and there are just few papers describing the ability 
of B. pumilus as PAHs degrader (Gauthier et al., 2003; Toledo et al., 2006; Chang et al., 2008; 
Arun & Eyini, 2011; Khanna et al., 2011). Gauthier et al., (2003) obtained a consortium capable 
of degradation of HMW (PYR, chrysene, benzo[a]pyrene and perylene), and one of the strains 
turned  out  to  show  99%  of  homology  to  B.  pumilus.  Similarly,  PAHs‐degrading  B.  pumilus 
strains were phylogenetically  identified by Toledo et al., (2006) and Chang et al., (2008)  in oil 
residues and mangrove sediments from Taiwan, respectively. Khanna et al., (2011) determined 
that B. pumilus  (MTCC 1002)  isolated  from  crude oil, was  able  to  co‐metabolize 64% of  50 
μg/mL PYR  in basal medium. This report points to B. pumilus as a potential PYR biodegrader, 
suitable for effective  in situ PAHs bioremediation. Similarly, Arun & Eyini (2011)  isolated wild 
Basidiomycetes  mushroom  fungi  with  high  ligninolytic  activity  and  an  indigenous  PAHs 
degrading bacterium B. pumilus from an oil spilled location. Recently, Silva‐Castro et al., (2011) 
analysed the efficiency of two different microbial consortia, A and B, composed of B. pumilus 
and other  species  (A: B. pumilus, Alcaligenes  faecalis, Micrococcus  luteus, and  Enterobacter 
sp.; B: B. pumilus, Enterobacter sp., and Ochrobactrum anthropic) on the degradation of PAHs 
by means of landfarming treatments. 
Regarding  S. warneri,  there  are  not  any  reports  in  the  literature  about  its  ability  to 
degrade  PAHs.  Nevertheless,  Saadoun  et  al.,  (1999)  reported  its  capability  to  biodegrade 
mineral oil and other hydrocarbons (hexane, decane and tetradecane). 
As  previously  mentioned,  PAHs  are  highly  hydrophobic  contaminants,  and  the 
effectiveness  of  any  biodegradation  process  usually  requires  the  addition  of  surface  active 
compounds  leading to a higher bioavailability. Due to this, a screening of suitable surfactants 
was approached  in plates as a preliminary  stage  to operate at  flask  scale. Assays over disks 
impregnated with different surfactants were carried out  in order to  identify the behaviour of 
this bacterial consortium in the presence of this type of compounds.  
Surface active compounds may show a  toxic effect on microbial cells, as concluded by 
Sartoros  et  al.,  (2005)  when  evaluating  the  effect  of  surfactants  and  temperature  on 
biotransformation  kinetics  of  anthracene  and  PYR  by  a  microbial  culture.  Biosensibility  of 
surfactants  in solid media was visually detected by the formation of a clear zone around the 
growing colonies. From the results obtained, a total tolerance against surfactants like saponin 
and Tween 80 can be concluded. On  the contrary,  the anionic surfactant SDS shows a more 
unclear  behaviour,  but  could  be  considered  toxic  for  concentrations  greater  than  10%. 
Therefore, due to economic reasons, Tween 80 was selected for further experiments at flask 
and bioreactor scale. 
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4.4.2 BIODEGRADATION CULTURES AT FLASK SCALE 
4.4.2.1 OPTIMIZATION OF MEDIUM COMPOSITION 
Two  different  alternative media,  PS  and MM  supplemented with  PHE  (100  M)  and 
Tween 80 (1%), were used as models of complex and chemically defined media, respectively. 
These media were  tested  in  the presence of P.stutzeri, used as a control along  this chapter. 
From  the  results obtained,  it  can be  stated  that  the use of a  rich medium  (PS)  involves  the 
lowest  levels of growth  (0.35  vs 0.65 h‐1) and a  rate of degradation 9  times  lower  than  the 
other alternative (MM) at the same conditions. Also, the use of a complex medium may entail 
difficulties relative to growth modelling and data reproducibility, as also reported by Hodges et 
al.,  (1980).  Additionally,  a  chemically  defined  medium  bears  more  value  in  studying  the 
minimal  nutritional  requirements  and  physiological  characteristics  of  any  microorganism. 
Therefore, MM was chosen for further study. 
The  next  step  was  to  determine  the  minimum  inhibitory  concentration  in  control 
cultures of P.  stutzeri  in MM at  concentrations of PHE between 0 and 2500 M  (maximum 
amount that can be solubilized at the conditions employed in this work) and the data obtained 
are shown  in Figure 4.5. As can be checked  in this figure, cultures carried out  in MM without 
PHE allowed verifying that P. stutzeri needs some carbon source to survive. As reported Lalucat 
et al., (2006), this species of bacterium can grow diazotrophically, and in minimal salts medium 
with ammonium ions or nitrate and a single organic molecule, like PHE, as the sole carbon and 
energy source. 
Kinetic microbial modelling facilitates the control of the biological process, and license to 
anticipate the microbial responses to certain environmental conditions. For this reason, all the 
experimental data were fitted to a logistic model shown in chapter 2 (Equation 2.2 and 2.3). As 
can be  seen  in  Figure 4.5,  the  selected equation  fits  suitably  to  the experimental data  (R2> 
0.950).  
The  description  of  substrate  biodegradation  can  be  better  achieved  by  identifying  an 
appropriate  kinetic model  correlating  specific  growth  rate  and  PHE  concentration. Haldane, 
Webb and Aiba equations have been widely cited in literature to describe microbial growth in 
the presence of inhibitory substrates. 
Haldane model:     
i
s
max
K
SSK
S
2
 
  
 (4.1) 
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Webb model:     
i
s
max
K
SSK
K
SS
2
1

      (4.2) 
Aiba model:   
SK
eS
s
K
S
max
i




   (4.3) 
 
where  Ks  indicates  the  affinity  of  biomass  to  substrate,  Ki  is  the  substrate  inhibition 
constant, K  is the Webb constant,   is the specific growth rate, max  is the maximum specific 
growth rate and S is the substrate concentration. 
 
Figure 4.5: Biomass concentration of P. stutzeri in MM at different PHE concentrations: ()0M; 
(▲)  100M,  ()  200M,  ()  400M,  ()  690M,  ()  780M,  ()  1200M,  ()  2100M,  () 
2500M. Symbols: experimental data; solid  line:  logistic model.  (B) Prediction of experimental data by 
Haldane,Webb and Aiba models. 
 
In this case, the specific growth rate data were fitted to these models, and the values of 
the parameters of every model are listed in Table 4.5 and graphically illustrated in Figure 4.5B. 
It becomes patent that all the models appropriately describe the experimental data, and lead 
to  very  similar  values  of  the  parameters.  Thus,  in  all  cases, maximum  specific  growth  rate 
levels (max) are about 0.25 h‐1, similar to the values reported by Jegan et al., (2010) and Deive 
et  al.,  (2010) when  studied  naphtalene  and  a  di‐azo  dye  degradation  by Micrococcus  and 
Anoxybacillus bacteria.  In relation to the saturation constant Ks, the values obtained  indicate 
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very  low affinity of biomass to substrate. These values are more than 2 orders of magnitude 
lower than the levels reported by Jegan et al., (2010) and Nakhla et al., (2006), while the data 
reported for the  inhibition constant Ki are about 6 to 50 times higher. This behaviour may be 
associated with  a  higher  recalcitrance  of  PHE.  It  can  be  also  concluded  that  high  levels  of 
biomass and specific growth rate are obtained within the range of concentrations where PHE 
can be solubilized in the culture medium. 
 
Table 4.5: Estimated values of parameters for various kinetic models defining the growth of the 
control (P. Stutzeri) in cultures containing different concentrations of PHE. 
Models  Parameter  Value 
Haldane  max (h‐1)  0.248 
  Ks (M)  38.48 
  Ki (M)  9.8∙103 
  R2  0.974 
Webb  max (h‐1)  0.248 
  Ks (M)  38.26 
  KiM)  9.8∙103 
  K (M)  1.3∙106 
  R2  0.974 
Aiba  max (h‐1)  0.255 
  Ks (M)  43.90 
  Ki (M)  9.1∙103 
  R2  0.969 
 
4.4.2.2 OPTIMIZATION OF BIODEGRADATION CONDITIONS: CCF AND RSM 
The promising results obtained at plate and flask scale encourage us to go on analyzing 
the ability of  the  indigenous consortium LB2  to degrade PAHs. The extent and  rate of PAHs 
degradation will be  strongly  influenced by  complex  interactions between  the  contaminants, 
microorganisms  and  environmental  conditions  (Tsai  et  al.,  2009).  Treatment  efficiency  is 
influenced  by  numerous  abiotic  and  biotic  factors  such  as  pH,  temperature,  contaminant 
concentration,  level  of  electron  acceptor,  biomass  concentration  and  acclimation  of 
microorganisms  (Ramsay  et  al.,  2005; Mohan  et  al.,  2006). Grounded  on  these  factors,  the 
effect  of  pH,  temperature  and  PAHs  concentration  on  the  biodegradation  process may  be 
decisive.  An  experimental  design  and  a  statistical  analysis  were  implemented  in  order  to 
interpret the relationship between the independent and dependent variables. 
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The  ability  to  degrade  PAHs  was  evaluated  using  PHE  as  an  indicator  and  model 
compound  and  was  experimentally  ascertained  through  cultivation  in  Erlenmeyer  flasks. 
According to a Central Composite Face‐Centered design (CCF) a set of experiments was carried 
out. The experimental results obtained after performing 20 runs of the CCF are shown in Table 
4.6. The second order polynomial response equations were used to correlate  the dependent 
and independent variables. The selected response (Y) was described by a second order model 
(Equation 4.4) for predicting the response in all experimental regions as follow: 
 
Y= b0+bAXA+bBXB+bCXC+bABXAXB+ bACXAXC+bBCXBXC+ bAAXA2+ bBBXB2+bCCXC2  (4.4) 
 
Where  Y  is  the  response  variable  of  PHE  degradation  degree.  The  bi,  bii,  bij  are  the 
regression  coefficients  for  linear,  squared  and  interaction  effects,  respectively,  and  Xi  are 
coded experimental  levels of the variables. All these parameters are shown  in Table 4.6. The 
analysis  of  variance  (ANOVA)  demonstrated  that  the model was  highly  significant  (p‐value 
<0.0001) (Table 4.7). The Fisher F‐test (F‐value = 33.6)  indicates that the model  is significant. 
Bearing  in  mind  that  values  of  Prob>  F  less  than  0.0500  indicate  that  model  terms  are 
significant, A, B, C, BC, BB can be considered as significant model terms. 
The statistical analysis of all experimental data showed that the proposed variables (pH, 
temperature and PHE concentration) have a significant  impact on the PHE degradation  levels 
obtained. At the same time, the predicted R2 of 0.758 is in agreement with the adjusted R2 of 
0.939. Adequate precision of 19.998 indicates a suitable signal to noise ratio (greater than 4 is 
desirable). Also, a high precision and reliability of the experiments can be concluded from the 
coefficient of variation (CV = 3.20%). Therefore, this model can be used to navigate the design 
space. 
Finally, a valuable tool to predict PHE degradation efficiency for different values of the 
tested variables is the response surface plot (Montgomery, 2001).The graphical representation 
of the response surface is shown in Figure 4.6. A visual inspection of the data indicates that the 
degradation  efficiency  increased  with  the  pH  and  temperature  (PHE  concentration  of  100 
M).In addition, the optimal operational conditions were pH around 7‐7.5, temperature 35.5‐
37.5°C and low PHE concentration. 
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Table 4.6: Experimental conditions and results of the CCF for PHE biodegradation. 
Run  Temperature (°C)  pH  Concentration (M)  Degradation (%) 
1  32.5  6.5  700  99 
2  32.5  6.5  400  98 
3  32.5  6.5  400  99 
4  37.5  5.5  100  81 
5  32.5  6.5  400  98 
6  37.5  5.5  700  66 
7  32.5  6.5  400  99 
8  37.5  6.5  400  99 
9  27.5  6.5  400  98 
10  32.5  6.5  400  98 
11  32.5  5.5  400  78 
12  32.5  6.5  400  99 
13  37.5  7.5  100  100 
14  37.5  7.5  700  96 
15  32.5  7.5  400  94 
16  27.5  5.5  700  60 
17  27.5  7.5  700  84 
18  27.5  7.5  100  94 
19  27.5  5.5  100  84 
20  32.5  6.5  100  100 
 
Analogously, Kastner et al.,  (1998) observed that degradation of PHE by Sphingomonas 
paucimobilis at pH 5.5 was only 40% after 16 days, while pH values close to pH 7 led to more 
than  80%.  In  the  same  way,  Bishnoi  et  al.,  (2008)  concluded  a  similar  behaviour  in  the 
degradation  of  acenaphthene,  anthracene,  PHE,  fluoranthene  and  PYR  by  the  fungus 
Phanerochaete  chrysosporium.  Regarding  the  effect  of  temperature,  the  optimum  range 
observed  in this work  is superior to the results reported  for other bacterium  isolated  from a 
contaminated location (Hernández‐Rivera et al., 2011). 
Summarizing, based on  the  results obtained  in  the experimental design and  statistical 
analysis, hereafter the biodegradation cultures were carried out at 37.5°C,  initial pH 7.5, and 
PHE concentration of 100 M. 
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Figure 4.6: Response surface plot and contours plot of PHE degradation to evaluate the effect of 
pH and temperature while the PHE concentration was kept constant at the central levels. 
 
Table 4.7: ANOVA analysis for Response Surface second order model (response function Y). 
Source  Sum 
Squares 
Degree 
freedom 
Mean 
Square  F‐Value  Prob> F   
Model  2580.91  9  286.77  33.60  <0.0001  significant 
A‐Temperature  46.80  1  46.80  5.48  0.0412   
B‐pH  999.33  1  999.33  117.08  <0.0001   
C‐Concentration  281.25  1  281.25  32.95  0.0002   
AB  27.01  1  27.01  3.16  0.1056   
AC  27.01  1  27.01  3.16  0.1056   
BC  80.43  1  80.43  9.42  0.0118   
A2  7.08  1  7.08  0.83  0.3839   
B2  521.53  1  521.53  61.10  <0.0001   
C2  0.20  1  0.20  0.024  0.8807   
 
Std. Dev.  2.92  R‐Squared  0.968 
Mean  91.19  Adj R‐Squared  0.939 
C.V. %  3.20  Pred R‐Squared  0.758 
    Adeq Precision  19.998 
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4.4.2.3 BIODEGRADATION ASSAYS AT FLASK SCALE 
The  bacterial  consortium  LB2  was  tested  for  its  promising  ability  to  grow  on 
hydrocarbon‐polluted sites. After assessing the biodegradability of an effluent containing three 
different PAHs  separately  (PHE, PYR and BaA),  the biological process was  carried out  in  the 
presence  of  a  mixture  of  all  of  them.  Parallel  control  assays  were  performed  with  the 
bacterium P. stutzeri, with the purpose of studying dynamics of pollutant biodegradation. 
Modeling the experimental growth and degradation parameters is relevant to achieve a 
better  knowledge  on  the  bioremediation  process.  According  to  this,  the  logistic  model 
previously  proposed  in  chapter  2  (Equations  2.1  and  2.2) was  used  to  fit  the  experimental 
biomass and biodegradation data (Deive et al., 2010; Rosales et al., 2012). 
The  parameters  defining  the  models  proposed  are  presented  in  Table  4.8,  and  are 
graphically  illustrated  together with  the experimental data  in Figure 4.7. On  the basis of  the 
values of the regression coefficients (R2>0.94),  it can be concluded that the  logistic equations 
serve our goal of suitably modelling the biological process. 
Attending to the values of Xmax observed  in Table 4.8,  it becomes clear that the highest 
maximum biomass levels (0.617 g/L) are obtained when the more accessible structure of PHE 
is  present  in  the  culture medium.  The  same  behaviour  is  observed  in  the  control with  P. 
stutzeri, which value reaches 0.708 g/L. 
In relation to the specific growth rates, the values obtained are much higher than those 
reported for other bioremediation processes. In this sense, the addition of PYR led to specific 
growth rates of 0.167 h‐1, a value 8 times higher than that reported by Obayori et al., (2008) 
for the biodegradation of PYR by Pseudomonas species  (0.024 h‐1). Therefore,  it  is confirmed 
that the selected PAHs can act as a suitable carbon and energy source for bacterial consortium 
LB2. 
On the one hand, the analysis of the degradation profiles (Figure 4.7b) indicates that PHE 
degradation levels reached 43% and was completely removed at day 2 and 5, respectively. On 
the other hand, only 14% and 8% of degradation was obtained after 2 days in the presence of 
PYR  and  BaA,  although  almost  100%  was  remediated  in  5  days.  The  efficiency  of  this 
consortium  is clear when comparing  the obtained data with  those provided by P. stutzeri  (7 
days to obtain similar results of degradation). 
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Table 4.8: Growth and PAHs biodegradation kinetic parameters defining the logistic and Luedeking & 
Piret‐type models in cultures of microbial consortium LB2 at flask and STB. 
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Figure 4.7: Biomass concentration (a) and PAHs degradation profiles (b) in flask cultures of 
bacterial consortium LB2: () PHE; () PYR, (▲)BaA, ()PHE+PYR+BaA, profiles individually (full 
symbols) and mixed (void symbols). Symbols: experimental data; solid line: logistic model 
 
The  specific  degradation  rates  reported  for  bacterial  cultures  of  B.  pumilus,  Dyella 
ginsengisol and Mycobacterium barrasi by Chang et al., (2008) are lower than those observed 
in  this  study. The  remarkable efficiency of  the  selected  strategy  (consortium vs  isolate)  is  in 
agreement with previous  results  reported by  Zhong et  al.,  (2011), who highlighted  that  the 
interactions between two different strains in mixed cultures could increase the PAHs removal, 
as can be observed when comparing these data with those obtained for P. stutzeri (Table 4.9). 
It  is relevant to highlight some fluctuations  in pH throughout the cultures. Even though 
pH was adjusted at  the beginning of  the experiment at 7.5, a  slight acidification during  the 
bioremediation  process  was  observed.  Following  this  trend,  Janbandhu  &  Fulekar  (2011) 
reported drastic pH changes on the growth of an adapted microbial consortium, from initial pH 
of 7 until acidic values between 5.6 and 5.2 when studied PHE biodegradation. The reason for 
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such  acidification  can  underlie  in  the  accumulation  of  protons  or  other  typical  acidic 
metabolites, as a  result of  the PHE biodegradation. According  to  this, Simarro et al.,  (2011) 
concluded that the optimum pH range depends on the target PAHs. Some acid resistant Gram‐
positive  bacteria,  such  as Mycobacterium  sp.  and  in  our  particular  case,  B.  pumilus  and  S. 
warneri, show better PAHs degradation performance under acidic conditions because  low pH 
can induce more permeability in the bacteria towards hydrophobic substrates. 
 
Table 4.9: Kinetic parameters defining the logistic model in cultures at flask and bioreactor scale 
of P. stutzeri and consortium LB2. 
 
Finally, a deeper analysis was undertaken by modeling the behavior of the growth and 
biodegradation  through  the  equation  reported by Marques  et  al.,  (1986)  and based on  the 
model of Luedeking & Piret  (see Equation 2.4, chapter 2). On  the basis of  the data  listed  in 
Table  4.8,  this  bioremediation  process  turned  out  to  be more  dependent  on  the  biomass 
production, since parameter m is, at least, more than 6 times higher than n. It is important to 
underline too that this trend  is similar for all the experiments that were carried out, with the 
exception of  those carried out  in  the presence of PYR. From our knowledge,  this  is  the  first 
time that this performance was found. 
Once  the  feasibility of  the biological process  in batch operation was demonstrated,  a 
fed‐batch strategy was approached, as a means of building the foundations of the operation in 
a Continuous Stirred Tank Bioreactor (CSTB). 
The main characteristic of this operation mode is based on the regular volume addition 
of the selected pollutants as carbon source. Fed‐batch operation mode has been considered an 
appealing choice  in a number of well‐known processes due to several advantages over batch 
fermentors.  In  this work,  six  pulses  of  the  selected  PAHs were  added  during  the  period  of 
    P. stutzeri  LB2 consortium 
PAHs  Scale  Xmax (g/L)  m (h‐1)  Xmax (g/L)  m (h‐1) 
PHE 
Flask 
0.708  0.138  0.617  0.116 
PYR  0.543  0.223  0.431  0.167 
BaA  0.687  0.433  0.447  0.094 
Mix  0.594  0.191  0.457  0.132 
PHE 
STB 
0.557  0.183  0.699  0.178 
PYR  0.587  0.101  0.604  0.111 
BaA  0.635  0.193  0.848  0.068 
Mix  0.497  0.079  0.503  0.058 
PAHs 
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cultivation (one month) in the conditions reported for the batch cultures. The final purpose of 
this strategy is to concomitantly maximize the degradation percentages in a minimum time. 
The degradation percentage obtained for PHE, PYR and BaA are shown  in Figure 4.8.  It 
becomes clear that the levels of degradation are elevated for all the contaminants (higher than 
90%), and it is outstanding that after several batches, the levels are even increased up to 100% 
of biodegradation. 
 
Figure 4.8: PAHs degradation profiles in flask cultures of bacterial consortium LB2: () PHE; (▲) 
PYR, () BaA. Dashed lines indicate the different additions throughout the fed‐batch cultures. 
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In addition, a crucial result is placed in the increased efficiency of the process to degrade 
high PAH concentrations as the number of pulses  is  increased. For example, while 5 days are 
required to reach about 70% of PHE degradation  in the first batch, only 1 day  is necessary to 
yield more than 90% of degradation  in the  last pulse.   The same behaviour can be concluded 
for  the cultures  in  the presence of PYR and BaA, with maximum degradation  levels close  to 
100% in less than 1 day for the last batch carried out during the 4th week of cultivation. 
This fact evidences the existence of consortium acclimatization to PAHs. Cultures often 
need  to  be  acclimatized  to  contaminants,  and  this  can  be  achieved  through  enrichment 
cultivation  methods  (Contreras  et  al.,  2008;  Shourian  et  al.,  2009)  or  repeated  batches 
(Christen et al., 2011). 
4.4.3 BIODEGRADATION CULTURES AT BENCH SCALE BIOREACTOR 
The great biodegradation potential evidenced at flask scale points the interest of scaling 
up this bioprocess in a STB. Degradation of three PAHs, both individually and in a mixture (100 
M of each) was monitored for 7 days. Parallel assays were carried out  in the presence of P. 
stutzeri. 
The  recalcitrant  character  of  PAHs  makes  them  to  be  very  resistant  to  a  biological 
breakdown. However, the promising results obtained at small scale  led us  to bet  in STB as a 
means  to  enhance  the  PAHs  bioavailability  due  to  the  increased  mass  transfer.  All  the 
experimental  data  of  cell  growth  and  biodegradation were  fitted  to  the  logistic  equations 
previously  detailed  (chapter  2).  The  parameters  obtained  are  listed  in  Table  4.8  and  the 
theoretical curves can be graphically inspected in Figure 4.9. 
It is noticeable that the operation at bioreactor scale involves higher values of maximum 
biomass and degradation  (between 97 and 99%  in  less  than 4 days  for all cases)  than  those 
obtained  in flask cultures and ever higher too for the control (Table 4.9 and Table 4.10). This 
fact  confirms  the  importance  of  the  hydrodynamic  setting  in  the  biodegradation  of  a 
contaminant. Thus,  the operation at  STB entails a higher degree of mixing  and oxygenation 
than  the mild  agitation  and  passive  aeration  existing  at  flask  scale.  In  general,  the  average 
removal of PAHs  found  in  this study  is higher  than  the  levels  reported  in  the  literature  (and 
also higher  than  the  values obtained  for  the  control with  allochthonous bacteria which  are 
detailed in Figure 4.9). 
For instance, Sponza & Gok (2010) reported removal levels of 74% for PHE, 60% for PYR 
and 37% for BaA when operated in an aerobic STB during 25 days. Similarly, Trably & Patureau 
(2005) achieved about 90% of PHE by operating in a continuous bioreactor, and Nasseri et al., 
(2010) yielded 87% of remediation in Pseudomonas cultures in a slurry phase bioreactor after 
PAHs 
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3 weeks of operation. Analogous levels were concluded by Ventaka et al., (2008) when tackling 
PYR  biodegradation  in  a  slurry  phase  reactor  operating with  a  bioaugmentation  technique. 
Otherwise, only 34% of degradation was attained. All these results highlight the efficiency of 
the biological process proposed in this work. 
It must  be  also  noted  that  the  analysis  of  the  experimental  data  in  the  light  of  the 
Luedeking &  Piret model  allow  concluding  a  similar  trend  than  that observed  at  flask  scale 
(even  magnified),  since  a  higher  dependence  on  the  biomass‐related  parameter  m  is 
ascertained in all cases (Table 4.8). 
As  a  conclusion  of  the  successful  scaling  up,  it  can  be  stated  that  the  metabolic 
cooperation  by  several  microorganisms  may  result  in  an  enhanced  PAHs  utilization,  since 
metabolic intermediates produced by some organisms may serve as substrates for the growth 
of others. 
 
Figure 4.9: Biomass concentration (a) and PAHs degradation profiles (b) in STB cultures of 
bacterial consortium LB2: () PHE; () PYR, (▲)BaA, ()PHE+PYR+BaA, profiles individually (full 
symbols) and mixed (void symbols). Symbols: Experimental data, solid lines: logistic model  
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The suitability and effectiveness of the obtained consortium is clear when comparing all 
the relevant parameters defining the biodegradation process with those yielded for P. stutzeri 
(Table 4.10 and Figure 4.10). 
 
 
 
 
Figure 4.10: Comparation between removal efficiency by two selected bacteria. 
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Table 4.10: PAHs biodegradation kinetic parameters defining the logistic model in cultures at
bioreactor scale of microbial consortium LB2 and P. stutzeri. 
    P. stutzeri  LB2 consortium 
PAHs  Scale  Dmax (%deg)  D (h‐1)  Dmax (%deg)  D (h‐1) 
PHE 
Flask 
92.351  0.038  92.327  0.135 
PYR  62.357  0.035  88.384  0.069 
BaA  93.990  0.070  97.789  0.088 
PHE‐Mx  59.810  0.036  73.603  0.121 
PYR‐Mx  56.547  0.024  73.750  0.092 
BaA‐Mx  81.044  0.077  86.321  0.173 
PHE 
STB 
94.729  0.186  99.301  0.191 
PYR  78.285  0.019  99.621  0.120 
BaA  81.297  0.045  97.112  0.109 
PHE‐Mx  100.00  0.035  100  0.070 
PYR‐Mx  98.467  0.032  100  0.081 
BaA‐Mx  100.00  0.035  100  0.069 
FLASK  STB
PAHs 
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4.4.4 PAHS BIODEGRADATION BY CONSORTIUM LB2 IN A STIRRED TANK BIOREACTOR IN 
CONTINUOUS MODE 
Once the viability of the operation  in batch cultures was ascertained, the cultivation  in 
CSTB was run over a total period of 60 days. The operational treatment was divided  into two 
clearly  differentiated  stages:  one  start‐up  of  4  days,  and  the  continuous  process  during  56 
days.  
Since kinetic behaviour  is an extremely  important subject when a continuous  industrial 
biological  process  is  approached,  modeling  the  experimental  data  from  the  start‐up  is  a 
decisive  preliminary  theoretical  study  that  gives  hints  about  the  most  suitable  operating 
conditions in this operation mode. From the values of the parameters obtained, it is clear that 
the operation at STR entails benefits  in terms of cell growth and PAH biodegradation, since a 
complete removal of the contaminants is observed, in agreement with previous findings of our 
group  (Moscoso et al., 2012b). Additionally,  the value of  the  specific growth  rate points  the 
maximum dilution rate that can be used when operating in a continuous process.  
The  functional  performance  of  the  bioreactor  in  terms  of  PAH  biodegradation  and 
biomass  concentration  was  investigated  once  the  steady  state  was  yielded.  The  average 
biomass  concentration  and biomass productivity  is  shown  in  Figure 4.10,  together with  the 
theorical values obtained  from  the equation describing cell growth  in a CSTB  (Lema & Roca, 
1988). 





D
KDSYX
m
s
eSX /  (4.5) 
where X  is the biomass concentration  in the outlet stream, D  is the dilution rate, YX/S  is 
the biomass‐substrate yield, Se  is the  limiting substrate and concentration  in the  inlet stream 
(0.063 g/L), KS  is saturation constant and μm  is the maximum specific growth rate (0.079 h‐1). 
From  the  experimental  data,  it  was  obtained  that  the  values  of  YX/S  and  Ks  defining  this 
biological process  are 13.1  and 2.1 mg/L,  respectively.  From  the  values presented  in  Figure 
4.11,  it  seems  clear  that  a  suitable  fitting  is  obtained,  as  also  can  be  concluded  from  the 
adequate value of R2 (0.99).  
The obtained dilution rate causing cell wash out (D = 0.079) is lower than that reported 
by Deive et al., (2012) for a continuous process to produce lipolytic enzymes, which can be due 
to the different microorganism used. Therefore, dilution rates  lower than 0.062 are advisable 
to achieve a stable continuous culture.  
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Figure 4. 11: Influence of dilution rate on continuous culture of LB2 consortium: () biomass; () 
biomass productivity. Symbols, experimental data; dashed line, calculated data. Solid line is a guide to 
the eye. 
 
Regarding  the biodegradation parameters,  shown  in  Table  4.11,  the behavior  is quite 
different. Only high levels of degradation can be obtained when the dilution rate employed is 
close to the minimum (0.028 h‐1). In this case, the degradation rates of PHE, PYR, and BaA are 
higher  than  those obtained during  the  start‐up phase,  since 84.9, 68.0 and 80.6 % per day, 
respectively, are reached.  
These  results  are  promising  when  compared  with  those  reported  by  Sponza  &  Gok 
(2010) or Ventaka et al., (2008), since they reported maximum levels of 74% for PHE, 60% for 
PYR  and 37%  for BaA by using  an  aerobic  stirred  tank bioreactor or  a  slurry phase  reactor, 
respectively.  
Table 4.11: Effect of the dilution rate on the biomass, cell productivity and PAH degradation for 
cultures carried out in a CSTB. 
 
Dilution rate (h‐1)  Biomass (g/L)  Cell productivity (g/L/h) 
PAH degradation rate (% degradation/day) 
PHE  PYR  BaA 
0.028  0.771  0.021  84.9  68.0  80.6 
0.037  0.810  0.030  55.1  73.1  55.6 
0.047  0.791  0.037  0  73.1  33.6 
0.062  0.733  0.045  0  0  14.0 
0.077  0  0  0  0  0 
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Finally,  the operation  in continuous mode can outperform batch culture by allowing a 
regular degradation process, as evidenced from the data shown in Figure 4.12. The continuous 
PAHs  biodegradation  process  was  carried  out  at  a  dilution  rate  of  0.028  h‐1  in  order  to 
demonstrate  the  viability  of  the  selected  operating  conditions  to  achieve  maximum 
degradation rates. 
 
Figure 4.12: Biomass concentration and biodegradation profiles for continuous culture of LB2 
consortium in a stirred tank bioreactor at 200 rpm and 0.17 vvm at a dilution rate of 0.028 h‐1: () 
biomass; () PHE; (▲) PYR, () BaA. 
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4.4.5 IDENTIFICATION OF METABOLITES IN THE BIODEGRADATION PROCESS 
During  the  last years,  the  research on  the metabolic  routes  followed  to degrade PAHs 
has been  the  subject of a booming  scientific  interest  (Peng et al., 2008; Haritash & Kaushik, 
2009; Parales & Haddock, 2004). Although both  aerobic  and  anaerobic biodegradation may 
take place,  the  latter  is  the most prevalent process  to  remove aromatic pollutants  from  the 
environment. 
Aerobic  biodegradation  mechanisms  require  the  presence  of  molecular  oxygen  for 
initiating  the  enzymatic  attack  to  PAHs  rings.  Although  oxygen  is  not  the  only  electron 
acceptor,  it  is  the most  common  acceptor  in  bacterial  respiration,  also  participating  in  the 
activation of the substrate via oxygenation reactions (Cao et al., 2009; Díaz, 2004). Thus, the 
initial  step  generally  includes  the  oxidation  of  the  benzene  ring  by mono  or  dioxygenase 
enzymes,  leading  to  convert  the  aromatic  compound  to  dihydroxy  aromatic  intermediates 
(dihydrodiols) which are further dehydrogenated to form dihydroxylated compounds. Then, an 
ortho or meta‐cleavage pathway could take place depending on the intradiol or extradiol ring‐
cleaving.  The  ring  cleaved  intermediates,  such  as  protocatechuates  and  catechols,  are  then 
subjected  to  subsequent  central pathways  leading  to  central  intermediates  that  are  further 
converted to Krebs cycle intermediates (TCA) (Cao et al., 2009; Cerniglia et al., 1994; Gibson & 
Jerina, 1975). These metabolites coming from the PAHs may be equal or even more toxic, so it 
is important to learn about the main pathway followed by this particular bacterial consortium 
to degrade the contaminants. 
4.4.5.1 PRODUCTION OF METABOLITES IN PHE BIODEGRADATION 
The tricyclic aromatic hydrocarbon PHE has been usually selected as a model compound 
to  elucidate  the  main  degradation  mechanism  present  in  aerobic  bacterial  PAHs 
biodegradation (Mrozik, 2003; Parales & Haddock, 2004). In this work, two different products 
were  identified  in  PHE  catabolization  by  LB2  consortium,  that  allows  concluding  that  the 
degradation  route  follows  the protocatechuate via by  the determination of  the precursor of 
protocatechuic acid, o‐Phthalic acid (diethylphtalate, as can observed in Figure 4.13). 
Usually,  the  oxidative  degradation  takes  place  through  two  possible  degradation 
pathways:  salycilate or protocatechuate  (Lalucat et al., 2006). Both of  them  share  the  same 
common upper route and are initiated by the double hydroxylation of a PHE ring. This reaction 
is biocatalyzed by a dioxygenase enzyme, which  incorporates two atoms of molecular oxygen 
into  the  PHE  moiety,  leading  to  the  production  of  dihydrodiols.  These  compounds  are 
dehydrogenated  to  form  dihydroxylated  intermediates,  which  can  finally  be  mineralized 
(Pathak et al., 2008; Bamforth & Singleton, 2005). 
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Our results match with those achieved by Doddamani & Ninnekar (2000) which found 1‐
hydroxy‐naphthoic  acid  as  the main  intermediate  formed  during  PHE  biodegradation  by  B. 
pumilus (one of the two main strains identified in the LB2 consortium). 
 
 
Figure 4.13: Propose pathway through protocatechuate route in STB and changes of GC‐MS peak areas 
of PHE metabolites during the biodegradation process (after few hours). (A) PHE, (B) Tween 80, (C) 
Diethylphthalate. 
 
In  summary,  from  the  aforementioned,  a  complete  mineralization  of  PHE  via 
protocatechuate pathway  is concluded, and  the addition of  intermediates as bioremediation 
promoters should not be discarded, since  it has been widely accepted that they can enhance 
the intrinsic biodegradation rate of target compounds (Gottfried et al., 2010). 
 
4.4.5.2 PRODUCTION OF METABOLITES IN PYR AND BAA BIODEGRADATION 
Although  there  are  a  variety  of  papers  tackling  PAHs  biodegradation,  the  cleavage  of 
HMW PAHs,  like PYR and BaA has been scarcely  investigated. PYR, a pericondensed four ring 
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PAHs, has usually been considered as a model HMW PAH in bioremediation studies (Zheng et 
at., 2007). Based on GCMS data  (Figure 4.14), 1‐hydroxy‐2‐naphthoic acid  and phthalic  acid 
have been identified. These results indicate that after initial dioxygenation steps, PYR could be 
transformed  in  3,4‐dihydroxyphenanthrene, which  is  also  an  intermediate  detected  in  PHE 
degradation.  
 
Figure 4.14: Total ion chromatogram of GC‐MS of PHE+PYR+BaA before and after degradation by 
bacterial consortium LB2 at STB. (b1) Detected compounds at initial time, 1.‐PHE, 2.‐ PYR, 3.‐ BaA and 4.‐ 
Tween 80 and (b2) Detected compounds after 4 days, 1.‐PHE, 2.‐ PYR, 3.‐ BaA, 4.‐ Tween 80 and 5.‐
Diethylphatalate. 
 
Following this trend, Khanna et al., (2011) found 9‐methoxyphenanthrene and phthalate 
as metabolic  intermediates when studied PYR degradation by B. pumilus  isolated from crude 
oil  contaminated  soils. The  schematic pathway proposed  for  the degradation of PYR by  the 
bacterial consortium LB2 is shown in Figure 4.12. 
However,  there  is no  information  in  literature about  the bacteria able of metabolizing 
PAHs containing four or more rings as benzo[a]pyrene and BaA. Mrozick (2003) reported the 
pathways  for  the  partial  degradation  of  BaA  by  bacteria  such  as  Beijerinckia  and 
Mycobacterium. According to the metabolites detected by GCMS (Figure 4.13), diols could be 
formed  in position 8‐9 or 10‐11  (Figure 4.14a,b which  lead  to  intermediate  compounds  like 
3,4‐dihydroxyphenanthrene.  Metabolites  like  phenanthrol  (which  is  a  target  compound 
detected in the PHE pathway) confirm this specific route as a possible pathway to degrade BaA 
(Zhong et al., 2011). 
In summary, Figure 4.15 presents the scheme proposed for the biodegradation routes of 
PHE, PYR and BaA by the consortium LB2, which are the same as that the mechanism followed 
by P. stutzeri. 
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Figure 4.15: Proposed metabolic pathway of PHE, PYR and BaA by bacterial consortium LB2 
cultured at STB (A) 1‐hydroxy‐2‐naphtoic acid. 
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4.4.6 ECONOMIC EVALUATION OF A REAL SCALE INDUSTRIAL PLANT 
The  viability  of  the  bioremediation  process  has  been  demonstrated  at  flask  and  bioreactor 
scale.  These  results  are  the  basis  for  the  implementation  of  biodegradation  treatment  to 
remediate  an effluent  (3.5∙105 m3/year)  from  a metallurgical  industry  containing 100 M of 
PHE.  SuperPro Designer®  v6.0  (Intelligen  Inc.)  software was  selected due  to  it  is one of  the 
most  useful  tools  for  simulation  of  technological  processes  dealing with  fine  chemical  and 
biochemical products. This software allows a set of advantages such as the  large database of 
chemical compounds and operation units,  the good performance of an economic evaluation 
specifically designed  for bioprocesses, as well as a  simple and user‐friendly  interface, which 
presents  the  information  in  a  clear  and  concise manner.  For  preliminary  screening  of  the 
conceptual  flowsheet and  in  the absence of detailed  information, economic evaluation with 
SuperPro was thought to be sufficient in this study. The flowsheet of the process is presented 
in Figure 4.16. 
 
Figure 4.16: Proposed flowsheet diagram for the biological treatment of 350,000 m3/year of an 
effluent containing 100 M of PHE. 
 
SuperPro®  generates  an  economic  report  containing  an  equipment  list  and  the main 
characteristics of each item, by using a built‐in power law model to calculate the purchase cost 
of the equipment. The fixed capital investment and manufacturing costs are then calculated by 
multiplying  the  purchase  equipment  cost  by  appropriate  cost  factors  (van  den  Berg  et  al., 
2010). All these data are presented  in Table 4.12, and allow performing a tentative economic 
evaluation. Fixing a price of 12.5 €/m3 of industrial polluted effluent, lead to a 6‐years payback 
period, with a gross profit of circa of 2 M €, a net cash flow of (35% tax) = 1574114, an Internal 
Rate of Return (IRR) of 10.1%, and a Net Present Value (NPV) for IRR = 7% of 1409062. 
In summary, the economic feasibility of the process has been demonstrated, although it 
should be remarked that the economics of the process will obviously depend on the selected 
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flowsheet  diagram  and  on  the  introduction  of  additional  operation  units  (e.g.  disinfection, 
centrifugation, etc.). 
 
4.4.7 ON THE USE OF IONIC LIQUIDS TO ACHIEVE AND IMPROVE PAHS SOLUBILIZATION 
Ionic Liquids (ILs) are commonly defined as non‐conventional solvents entirely composed 
of ions that melt below 100°C. They have been getting increasing attention from the scientific 
community  and  industry  not  only  due  to  their  green  potential  but  also  to  their  unique 
combination of properties, such as negligible volatility, non‐flammability, high thermostability 
and exceptional capacity of undergoing  interactions with both polar and nonpolar molecules 
(Earle et al., 2006; Rebelo et al., 2005; Smiglak et al., 2006; Baranyai et al., 2004; Wasserscheid 
& Welton, 2007; Ho et al., 2011). The latter makes up one the most appealing properties of ILs, 
since  their  suitable  combination  of  physical  properties  and  solvation  characteristics makes 
them  as  dipolar/polarizable  as  acetonitrile  and  dimethyl  sulfoxide,  span  a  wide  range  of 
hydrogen‐bond basicity, depending on  the anion, may be slightly more hydrogen‐bond basic 
than dimethyl sulfoxide and N‐methylpyrrolidinone, and are weak to moderate hydrogen‐bond 
acids, similar to the aliphatic alcohols.  
Table 4.12: Simulation results for base case flowsheet. 
Purchased equipment costs  
Units of operation  Number  Characteristics  Price (€) 
Compressor  1  926.55 kW  714675 
Air Filters  2  0.2 m size pore  21904 
Bioreactors  4  350 m3  1878285 
Pump PM 101  1  40.95 kW  59558 
Clarifier   1  315 m3  104235 
Total purchased equipment costs  2772086 
Equipment installation  1108834 
Site development, buildings and 
storage  1386043 
Piping and Instrumentation  2494877 
Electrical  277209 
Contingency  803905 
Design and engineering   1607810 
Fixed Capital Investment  10450764 
Manufacturing Costs  2386157 
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This  remarkable  solvent  capacity  has  led  to  a  significant  increase  in  the  reporting  of 
liquid‐liquid  equilibrium  data  for  binary  and  ternary  mixtures  formed  mainly  by  1,3‐
dialkylimidazolium‐based ILs with either organic solvents or water. More specifically, the high 
affinity of ILs for aromatics is demonstrated in many research works, such as that reported by 
Poole & Poole  (2010) where  it was proven that  ILs were more than 10‐fold more efficient at 
extracting the phenols from water than dichloromethane.  
An  almost  unexplored  avenue  in  the  ILs  field  is  their  application  as  solubilizers  of 
hydrophobic  aromatic‐based  pollutants  adsorbed  to  soils  and marine  sediments.  Since  the 
efficiency of PAHs biodegradation is limited mainly because of their poor bioavailability, which 
declines along with the increasing number of aromatic rings (Moscoso et al., 2012a), one way 
to overcome  this problem  could be  the addition of  ILs by decreasing  the  interfacial  surface 
tension  between  PAHs  and  water.  Many  works  on  surfactant  micellar  solubilization  of 
hydrophobic  compounds  have  focused  on  the  use  of  conventional  surfactants  (Chun  et  al., 
2002). 
It  has  already  been  demonstrated  that many  ILs  can  form micelles/aggregates,  thus 
exhibit  surfactant  like behaviour.  In  the present work different  ILs possessing  surface active 
properties have been selected. Their structures are varied in terms of alkyl chain length in the 
cation, head groups, counter ions and dimerization (Gemini structure) to shed light on the role 
of various factors affecting the solubilising potential of the studied ILs.  
The  existence of  a plethora of possible  combination of  cations  and  anions  allows  the 
design of task specific ILs, suitable for the final objective of the proposed PAH bioremediation 
process.  Therefore,  the  selected  cations  (imidazolium,  pyridinium  and  piperidinium)  were 
combined with anions such as chloride, bromide, octylsulfate and octylsulfonate, and PHE was 
used as model PAH in this study. 
The  solubilisation  capacity  of  each  molten  salt  was  analysed  in  aqueous  solutions 
containing  IL  concentrations  comprised  between  0  and  1  M,  and  the  data  obtained  are 
presented in Figure 4.16a and b. 
The  data  presented  in  Figure  4.16a  evidence  that  the  alkyl  chain  length  possess  a 
decisive impact on the solubilisation capacity of PHE. Thus, PHE solubility follows the sequence 
C8mimCl<C10mimCl<C12mimCl<C14mimCl. The observed trend can be analysed in the light of the 
different surfactant behaviour provided by each IL. Since each micelle presents a hydrophobic 
core where the PAH goes through, a  longer alkyl chain will entail greater micelle radius, thus 
entailing higher PHE solubilisation potential.  
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Figure 4.16: Solubilisation on PHE by 8 different Ionic Liquids: a) imidazolium chloride‐based 
family () C8mimCl; () C10mimCl. (▲) C12mimCl; () C14mimCl b) () C2mimSO4C8; () C8mimSO3C8, 
()C12mpipBr; ()(C12mpy)2(Br)2. 
 
Additionally, the results observed allow concluding a negligible solubilisation below the 
CMC of each IL, while a drastic  increase  in PHE miscibility  is recorded at concentration values 
over  this  critical  point.  The  decrease  in  the  CMC  of  the  imidazolium  chloride‐based  family 
(Figure  4.16a),  as  a  consequence  of  the  increased  alkyl  chain  in  the  cation,  follows  the 
empirical rule that the CMC decreases by a factor of two for each CH2 group added to the alkyl 
chain of a single chain ionic surfactant (Blesic et al., 2007). 
In  general,  it  seems  clear  that  the Gemini‐type  IL  [C12mpy]2[Br]2  provides  the  highest 
PAHs  solubilisation  capacity.  This  different  behaviour  could  be  attributed  to  the molecular 
configuration of  the  studied  ILs, as well as  the  chemical  structure. The  increase  in apparent 
solubility  follows  the  sequence  [C2mim][SO4C8]<[C12mpip][Br]<[C8mim][SO3C8]<[C12mpy]2[Br]2. 
The  outstanding  solubilization  ability  of  [C8mim][SO3C8],  comparable  to  gemini  ILs,  is  in 
agreement with previous reports by Blesic et al., (2009). The analysis of literature data reveals 
that [C12mpy]2[Br]2 and [C8mim][SO3C8] present a promising solubilisation potential, more than 
25‐fold than SDDBS anionic surfactant, as reported by Chun et al. (2002).  
In  summary,  the  use  of  Ab‐initio  and  Molecular  Dynamics  calculations  can  serve  as 
valuable  tools  to  unravel  the  interactions  behind  the  aromatic  moieties  and  the  selected 
surface active ILs, thus indicating the suitability of other ILs to act as PAH solubilizers. 
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4.5 CONCLUSIONS 
Once the bioremediation of PAHs‐polluted effluents has been undertaken several  facts 
can be concluded:  
 This  study  confirms  for  the  first  time  the  suitability  of  two  different  Gram‐
positive bacteria as S. warneri (100% homology) and B. pumilus (99% homology) 
ad biodegradation agents. 
 Experimental  CCF  design  matrix  and  statistical  analysis  have  showed  to  be 
effective tools to evaluate the interactive effects of the proposed variables: pH, 
temperature and PHE concentration. The effect of experimental parameters on 
degradation  may  be  established  by  the  response  surface  plots.  Optimal 
conditions are: pH 7‐7.5, temperature 35.5‐37.5°C and low concentration of PHE 
(100M). 
 
In relation to the effect of the medium and the MIC, the main conclusions are: 
 The use of a rich medium involved lower levels of growth than mineral one (0.35 
vs 0.65 h‐1). 
 No  inhibitory concentration has been detected  in  the range where PHE can be 
solubilised  in  the  culture medium  (0‐2500 M).  It  can be  concluded  that high 
levels of biomass and  specific  growth  rate are obtained within  these  range of 
concentrations. 
 
Regarding the efficiency of the selected consortium LB2 to metabolize PAHs: 
 It  becomes  clear  that  the  highest  maximum  biomass  levels  (0.617  g/L)  are 
obtained when  the more  accessible  structure of PHE  is present  in  the  culture 
medium. 
 Degradation profiles  indicated  that  just 2 days were  required  to  reach 43% of 
PHE  degradation.  On  the  other  hand,  only  14%  and  8%  of  degradation  was 
obtained after 2 days in the presence of PYR and BaA, although almost 100% was 
remediated in 5 days. 
 The  performance  of  the  selected  microbial  consortium  for  PAHs  removal  is 
better than that provided by an axenic culture of P. stutzeri. 
 All  the  experimental  data were  successfully  fitted  to  logistic  and  Luedeking & 
Piret  models.  A  comparison  between  the  parameters  obtained  in  flask  and 
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bioreactor  cultures  allows  concluding  higher  specific  degradation  rates  in  the 
latter. 
 The operation at flask and bioreactor scale marked the onset of the influence of 
different operation modes on  the cellular growth and biodegradation capacity. 
The promising  results obtained  for PHE, PYR and BaA biodegradation  in batch 
and  fed‐batch  cultures  encouraged  us  to  approach  a  continuous  process  in  a 
stirred tank bioreactor with a mixture of all of them. The analysis of the effect of 
the dilution rate allows concluding an optimum degradation potential for a CSTB 
operating at 0.028 h‐1, since a stable bioremediation process can be achieved for 
at least two weeks.  
 The  main  degradation  pathways  for  the  selected  PAHs  were  elucidated 
observing that all of them followed the protocatechuate route. 
 Finally,  the  simulation  of  the  biological  process  to  treat  an  industrial  effluent 
from  a  metallurgical  industry  allowed  performing  a  tentative  economic 
evaluation. 
 
Additionally, with respect to the use of ILs to act as PAH solubilizers: 
 The results obtained allow concluding a negligible solubilisation below the CMC 
of each IL, while a drastic increase in PHE miscibility is recorded at concentration 
values over this critical point. 
 [C12mpy]2[Br]2 and [C8mim][SO3C8] present a promising solubilisation potential. 
 It seems clear that the Gemini‐type IL [C12mpy]2[Br]2 provides the highest PAHs 
solubilisation  capacity,  so  it  could  be  proposed  to  enhance  the  efficiency  of 
bioremediation processes.  
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5.1 AIMS AND WORKING PLAN 
5.1.1 AIMS 
Large quantities of pesticides are used in agricultural activities throughout the world and 
many of  them are  toxic  to both animals and humans,  like chlorpyrifos  (CP), one of  the most 
commonly  applied  insecticides  for  control of pests  and  insects.  Their  inappropriate use has 
caused  the  contamination  of many  terrestrial  and  aquatic  ecosystems. Many  technologies 
have been evaluated for the treatment of water, sediments and soils polluted with pesticides. 
Among them, biological treatments have proven to be a promising alternative to conventional 
clean‐up technologies research since this option offers the possibility to remove contaminants 
using the pathways designed by nature for the metabolism of living beings. 
Taking in to account the excellent results reported in previous chapters of this thesis, the 
final aim of this work was to check the versatility of the selected microbial agents to degrade 
CP from polluted effluents. This goal will be achieved by operating at different lab scales (flask 
and  bioreactor)  and  operation  modes  (batch  and  fed‐batch).  Biomass  and  biodegradation 
profiles will  be modeled  in  order  to  reach  a  better  characterization  of  the  bioremediation 
process. 
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5.1.2 WORKING PLAN 
The  main  objectives  described  in  section  5.1.1,  will  be  reached  by  developing  the 
following working plan as follows: 
 Different microorganisms will  be  tested  as  possible  CP  biodegraders:  a  novel 
consortium  isolated  from  polluted  soils  and  a  strain  of  Pseudomonas  stutzeri 
from the Culture Type Spanish Collection (CECT). 
 Evaluation of pesticide concentration allowing a viable remediation process. 
 CP  degradation  will  be  ascertained  in  shake  flask  cultures  by  the  selected 
bioremediation  agents  as  a  prior  step  of  approaching  the  scaling  up  of  the 
biodegradation process.  In all cases the data obtained will be modelled to ease 
the comparison with the prior degradation processes. 
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5.2 INTRODUCTION 
Pesticides are used for controlling, repelling, preventing or eradicating pests, and include 
not only a wide  range of chemical compounds but also, antimicrobial or disinfectant agents. 
The main groups of pesticides, according  to  the active chemical group are: organochlorines, 
organophosphates,  organosulfur,  carbamates,  formamidines,  dinitrophenols,  pyrethroids, 
nicotinoids,  spiosines,  phenylpyrazoles,  pyrrols,  pyrazoles  and  botanical,  among  others 
(Fulekar, 2010). Despite their positive properties for agriculture, their composition often poses 
a  threat against humans and  the environment  (Rubio &  Fereres, 2005). Chemical pesticides 
obtained by organic synthesis such as  the well‐known DDT  (dichlorodiphenyltrichloroethane) 
are in the limelight due to their demonstrated negative effects. Up to date, control of diseases 
and  pests  of  plants  by  chemical  methods  remains  a  very  common  practice,  although 
biologically‐based pesticides are the subject of a growing demand since they represent a more 
sustainable alternative (Latifi et al, 2012; Ware & Whitacre, 2004). 
Organochlorine insecticides (lindane, heptachlor, dichlorodiphenyltrichloroethane (DDT), 
etc.) remain in soils without significant degradation up to 30 years after their use, due to their 
high environmental persistence. Recent environmental local water legislation (Ley de Aguas de 
Galicia 9/2010), has restricted or even banned the utilization of this group of pesticides limiting 
the maximum permissible concentrations in water (g/L) for some pesticides, as presented in 
Table 5.1: 
Table 5.1: Maximum admissible concentration (g/L) of common insecticides in water. 
Compound  Average annual value  Maximum admissible concentration 
DDT  0.025  NA 
p,p‐DDT  0.01  NA 
Aldrin   0.005  NA 
Atrazine  0.6  2 
Simazine  1  4 
Chlorfenvinfos  0.1  0.3 
Chlorpyrifos  0.003  0.1 
Diuron  0.2  1.8 
Endosulfan   0.0005  0.004 
NA: Not applicable 
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Nowadays,  organophosphate  (OP)  and  carbamates  pesticides  have  become  the most 
widely  used  alternatives  in  agriculture,  home  and  garden  protection,  due  to  their  lower 
persistence  in comparison with organochlorines  (Anwar et al., 2009). However, their use still 
entails  a  plethora  of  adverse  environmental  effects,  such  as  the  alteration  of  the 
biogeochemical cycle by reducing or removing species essential for the growth of plants (Pino 
et  al.,  2011).  These  chemicals  are  also  known  to  be  neurotoxic  substances  that  act  on  the 
central nervous system affecting enzymes crucial for life. Apparently they all share a common 
mechanism of  inhibition of cholinesterase enzyme (known to act through phosphorylation of 
the  acetylcholinesterase  enzyme  at  nerve  endings)  and  can  be  absorbed  by  inhalation, 
ingestion and dermal penetration (Brajesh & Walker, 2006; Latifi et al., 2012). 
Chlorpyrifos (CP), IUPAC name O,O‐diethylO‐(3 ,5,6‐trichloro‐2‐pyridil) phosphorothioate 
ester,  is  a  broad  spectrum  OP  agricultural  insecticide, widely  employed  in  agriculture  and 
household  insects  as  substitute  of  DDT  (Cycon  et  al.,  2009).  US  Environmental  Protection 
Agency (USEPA) has reported that CP represents over 11% of the total pesticides employed in 
the USA  in 2004  (Latifi et  al., 2012). Therefore,  its  extensive use has  an obvious  impact on 
water and  terrestrial ecosystems  (Latifi et al., 2012; Dubey & Fulekar  , 2012). Additionally, a 
potential health hazard to mammals has been reported  for CP, since  its presence may cause 
chromosomal damage and bladder cancer (Lee et al., 2004; Tomlin, 2003; Cycon et al., 2009). 
Half‐life of CP in soils may vary between 10 and 120 days, depending on various factors 
such as pH and temperature, as previously discussed in section 1.3, and it is shown in Table 5.2 
(Brajesh & Walker, 2006). Therefore CP  is a hardly degradable compound mainly due  to  the 
complexity  of  its  structure.  Its  toxicity  is  greatly  increased  by  the  presence  of  a  hydrolysis 
degradation product, 3,5,6‐trichloro‐2‐pyridinol (TCP), which has a high half‐life time between 
65 and 360 days in soil (Lakshmi et al., 2008; Vidya‐Lakshmi et al., 2009; Pino et al., 2011; Maya 
et al., 2011). Moreover, TCP shows greater water solubility than CP, thus causing widespread 
contamination in soils and aquatic resources.  
 
Table 5.2: History, toxicity and half‐life of some organophosphorus pesticides. 
Pesticide name  Type  Year of introduction  Mammalian LD50 (mg/Kg) 
Half‐life in soils 
(days) 
Chlorpyrifos  Insecticide  1965  135–163  10–120 
Parathion  Insecticide  1947  2–10  30–180 
Methyl parathion   Insecticide  1949  3–30  25–130 
Glyphosate   Herbicide  1971  3530–5600  30–174 
Coumaphos   Acaricide  1952  16–41  24–1400 
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Despite  these  harmful  properties,  previous  works  reveal  the  existence  of  naturally 
occurring bacterial  isolates capable of metabolizing CP. A summary of the available published 
work on biodegradation of CP is given in Table 5.1.  
 
Table 5.1: Different genera of bacteria able to degrade CP. 
Bacteria  Degradation rate (%)  Reference 
P. vulgaris, Acinetobacter sp., Flavobacterium sp., P. 
putida, Bacillus sp., P. aeruginosa, C. freundii, 
Stenotrophomonas sp., Proteus sp., Pseudomonas sp. 
100 in 5 days (150mg/L)  Pino et al., 2012 
Pseudomonas sp., Agrobacterium sp., Bacillus sp.  52‐82 in 10 days (100‐50 mg/L)  Maya et al., 2011 
Synechocystis sp.  76 in 4 days (5 mg/L)  Singh et al., 2011 
Bacillus pumilus  90 in 15 days (1000 mg/L)  Anwar et al., 2009 
Pseudomonas aeruginosa, Bacillus cereus, Klebsiela sp., 
Serratia sp.  80‐84 in 20 days (50 mg/L)  Vidya‐Lakshmi et al., 2009 
Pseudomonas sp.  84 in 5 days (10 mg/L)  Singh et al., 2009 
Arthrobacter sp., Burkholderia sp., Mycobacterium sp.  50 in 100 days  Seo et al., 2007 
Pseudomonas putida, Klebsiella sp., Pseudomonas 
stutzeri, Pseudomonas aeruginosa  71 in 30 days (500 mg/l)  Sasikala et al., 2012 
Paracocus sp.  100 in 4 days (50 mg/L)  Xu et al., 2008 
Sphingomonas sp.,Stenotrophomonas sp., Bacillus 
sp.,Brevundimonas sp.,Pseudomonas sp.  100 in2 days (100 mg/L)  Li et al., 2008 
Pseudomonas fluorescence, Brucella melitensis, Bacillus 
subtilis, Bacillus cereus, Klebsiella sp., Serratia sp., 
Pseudomonas aeruginosa 
78‐87 in 20 days (50 mg/L)  Vidya Lakshmi et al., 2008 
Sphingomonas sp.  100 in 1 day (100 mg/L)  Li et al., 2007 
Klebsiella sp.  92 in 4 days  Ghamen et al., 2007 
Stenotrophomonas sp.  100 in 1 day (100 mg/L)  Yang et al., 2006 
Alcaligenes faecalis  100 in 10 days (100mg/L)  Yang et al., 2005 
Enterobacter strain  100 in 2 days (250 mg/L)  Singh et al., 2004 
 
Examples  of  known  CP  degraders  belong  to  genera  such  as  Flavobacterieum  sp.  and 
Arthrobacter sp., which degrade CP cometabolically (Mallick et al., 1999; Vidya‐Lakshmi et al., 
2009)  and  Enterobacter  strain  (Singh  et  al.,  2003,  2004,  2006),  Alcaligenes  faecalis,  and 
Klebsiella sp., which degrade and utilize CP as sole carbon source (Yang et al., 2005; Ghanem et 
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al., 2007). Pseudomonas diminuta  (Brajesh & Walker, 2006), Alcaligenes  faecalis  (Yang et al., 
2006), Bacillus pumilus  (Anwar et al., 2009)  is able to degrade CP; Pseudomonas aeruginosa, 
Bacillus cereus, Klebsiella sp., Serratia sp. (Vidya‐Lakshmi et al., 2009), Sphingomonas sp. (Li et 
al.,  2007),  Pseudomonas  stutzeri  (Seo  et  al.,  2007),  among  others,  are  examples  of  CP 
biodegraders.  
It should be noted  that  the efficiency of CP biodegradation under natural conditions  is 
limited  by  its  poor  bioavailability,  as  a  consequence  of  the  recalcitrant  nature  of  this 
compound as well as its low water solubility (1.39 mg/L). Bearing in mind these properties, the 
addition  of  surfactants will  be  required  to  increase  the  bioavailability  of  by  decreasing  the 
interfacial  surface  tension at  the aqueous/organic  interphase. Therefore, based on previous 
results of this thesis and from literature (Sponza et al 2010, Bautista et al, 2009) Tween 80 was 
selected to enhance the efficiency of the biodegradation process. 
5.3 MATERIALS AND METHODS 
5.3.1 MEDIA AND CHEMICALS 
Technical  grade  chlorpyrifos  (CP)  (99%)  used  in  this  study was  obtained  from  Sigma 
Aldrich  (Germany) and  its main properties are detailed  in Table 5.2. CP  is a white‐crystalline 
solid with a pungent odor. A stock solution of 100 ppm was prepared dissolving CP in acetone. 
It was further sterilized by filtration through a 0.20‐µm PTFE filter and added to the autoclaved 
medium, thus avoiding any possible alteration of the chemical structure. 
 
Table 5.2: Main physical and chemical properties of CP. 
 
Mineral  salt medium, MM, was  used  in  biodegradation  assays;  the  composition  and 
preparation were described in detail in chapter 4. 
Compound  Structure  M.F.  M.W. 
Vapor 
presour 
at 25°C 
(MPa) 
M.P. 
(°C) 
Solubility  
in water at 
25°C  
(mg/L) 
Chlorpyrifos 
 
C9H11Cl3NO3PS  350.59  2.49  43  1.39 
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5.3.2 MICROORGANISMS 
Pseudomonas  stutzeri  (CECT  930)  and  the  previously  obtained  consortium  (LB2) were 
selected as candidates to biodegrade CP. Details relative to isolation and genetic identification 
of the bacterial consortium are shown in chapters 3 and 4. 
5.3.3 BIODEGRADATION OF CP ASSAYS 
The axenic culture of P. stutzeri and the LB2 consortium were cultured separately in MM 
medium with CP as carbon source, in order to verify that the consortium isolated from PAHs‐
contaminated soil is capable of degrading CP. 
Biodegradation experiments were carried out in 250‐mL Erlenmeyer flasks with 50 mL of 
MM, containing 1% w/v of surfactant Tween 80, and 2% v/v of a stock solution to achieve CP 
solubilization.  Each  flask,  capped with  cellulose  stoppers, was  inoculated  (3%) with  actively 
growing cells in exponential phase (24 h) (seed culture of each isolated strains were previously 
grown in PS nutrient broth). Cultures were incubated in the darkness for 25 days in an orbital 
shaker at 37.5°C,  initial pH 8.0, and 150  rpm. Samples were withdrawn at different  times  to 
monitor CP biodegradation  and biomass  concentration. All experiments were  carried out  in 
triplicate and the values shown in figures correspond to mean values with a standard deviation 
lower than 15%.  
Scaling up of  the biodegradation process at Stirred Tank Bioreactor  (STB) described  in 
previous  chapters was  also  approached  at  two  different  operation modes,  batch  and  fed‐
batch. Operational conditions were:  temperature was maintained at 37.5°C by circulation of 
thermostatted  water,  and  the  pH  was  adjusted  to  8.  The  bioreactor  was  inoculated  with 
actively  growing  cells  from  24  h  flask  cultures  (3%  v/v).  Humidified  air  was  supplied 
continuously at 0.17 vvm and samples were taken regularly during the experimental period (25 
days). 
The  growth  kinetics  was  followed  by  monitoring  the  optical  density  in  a  UV/VIS 
spectrophotometer at 600 nm wavelength (using the respective curve of dry weight presented 
in chapter 3 and 4). The MM containing 25 mg/L of CP was used as the negative control. 
5.3.4 CP ANALYSIS 
CP  concentrations  in  the  culture  media  were  analyzed  by  reversed‐phase  high 
performance  liquid  chromatography  (HPLC)  equipped with  a  XDB‐C8  reverse‐phase  column 
(150×4.6 mm i.d., 5 µm) with its corresponding guard column. The HPLC system was an Agilent 
1100 equipped with a quaternary pump and photodiode array UV/Vis detector (290 nm). Prior 
to  injection,  the samples were  filtered  through a 0.45‐µm Teflon  filter. The  injection volume 
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was set at 5 μL, and the isocratic eluent (25:75 acetonitrile/water) was pumped at a rate of 1 
ml/min for 10 min. 
 
5.4 RESULTS AND DISCUSSION 
5.4.1 MONITORING BIODEGRADATION AT FLASK SCALE 
First  of  all,  the  efficiency  of  the  selected  bioremediation  agents,  P.  stutzeri  and 
consortium LB2, for CP degradation was ascertained in shake flask cultures.  
Growth of bacterial isolates in the presence of CP at a concentration of 25 mg/L is shown 
in Fig. 5.1.  In a visual  inspection of  the  results obtained  it  is clear  that  the biomass  reached 
maximum values from day 5 to 18 for P. stutzeri and no ability to use CP as sole carbon was 
detected at flask scale for the consortium. In parallel pH values were monitored during all the 
experiments,  but  insignificant  changes were  detected  for  the  consortium  (from  7.8  to  7.4) 
which allows discarding any possible effect related to inhibition due to culture. 
Figure 5.1: a) Growth and b) CP degradation by P. stutzeri () and Consortium LB2 (▲) at flask scale. 
Experimental data are represented by symbols and logistic model by solid lines. 
 
A variety of microbial growth and biodegradation kinetic models have been developed 
and  used  by many  researchers.  Such models  allow  the  calculation  of  the  time  required  to 
reduce  a  contaminant  to  a  certain  concentration,  and  to  predict  the  amount  of  produced 
biomass. Based  in our previous  investigations  (Deive  et  al., 2010)  in  this particular  case,  all 
experimental data were fitted to the logistic model shown in chapter 2. 
From the values of the parameters presented in Table 5.4 and depicted in Figure 5.1, it is 
clear that the logistic model suitably fits to the experimental data (R2> 0.98). 
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Table 5.4: Growth and CP biodegradation kinetic parameters defining the logistic models in 
cultures of P. stutzeri and LB2 consortium at flask scale. 
Bacteria  X0(g/L)  Xmax(g/L)  m (h‐1)  R2  D0 (%deg)  Dmax(%deg)  D(h‐1)  R2 
P. stutzeri  0.012  0.609  0.099  0.99  0.163  92.538  0.053  0.99 
LB2 consortium  0.001  0.062  0.210  0.99  0.083  23.538  0.049  0.98 
 
From the data depicted in the previous figures (Figure 5.1), it becomes patent the ability 
of P. stutzeri to metabolize CP, contrarily to the behaviour found for consortium LB2. The data 
presented in the figure indicate that the selected insecticide was effectively degraded (almost 
100%) in less than one month, showing a depletion rate of 0.054 h‐1. These results are similar 
to  the  values  reported  by  Vidya‐Lakshmi  et  al.,  (2009) when  studied  CP  biodegradation  by 
Pseudomonas  aeruginosa,  Bacillus  cereus,  Klebsiella  sp.,  and  Serratia  marscescens  isolated 
from pesticide‐contaminated soils. Besides, these levels are much higher than those reported 
by  Seo  et  al.,  (2007)  when  tested  different  strains  (Arthrobacter  sp.,  Burkholderia  sp., 
Mycobacterium sp.) as OP pesticides degraders. 
In contrast, cultures carried out with consortium LB2 showed low degradation levels, in 
parallel with decreased biomass concentrations for the same period of incubation, which could 
means  that  an  inhibitory  effect  may  occur  due  to  increased  toxicity  of  an  intermediate 
degradation  compound  such  as  TCP  (3,  5,  6‐trichloro‐2‐pyridinol),  in  agreement  with  the 
findings reported by Caceres et al., (2007) and Pino et al., (2011). They demonstrated that TCP 
accumulation led to higher toxicity, antimicrobial activity and solubility in water. As it could be 
expected,  consortium  LB2  only  reached  24%  of  CP  removal,  along with  the  biodegradation 
assay. 
5.4.2 MONITORING BIODEGRADATION IN STIRRED TANK BIOREACTOR (STB) 
Based  on  the  promising  results  obtained  at  flask  scale  for  the  bacteria  P.  stutzeri,  a 
biodegradation process of a CP‐containing effluent  in a 5L STB was  implemented for the first 
time, in order to validate the efficiency of the selected microorganism. 
The results obtained at the bioreactor scale for P. stutzeri are plotted in Figure 5.2, and 
the kinetic parameters defining the microbiological process are also  listed  in Table 5.5.  It can 
be checked that the levels of CP degradation reached are much higher than those obtained at 
250mL‐flasks, and  the operation  in  this kind of bioreactor allows  reducing  in more  than 12‐
folds the treatment time. 
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Table 5.5: Growth and CP biodegradation kinetic parameters defining the logistic models in 
cultures of P. stutzeri at STB scale. 
Scale  X0(g/L)  Xmax(g/L)  m (h‐1)  R2  D0 (%deg)  Dmax(%deg)  D(h‐1)  R2 
STB  0.011  0.420  0.152  0.99  0.022  99.721  0.500  0.97 
 
In  relation  to  the data  listed  in Table 5.5,  it  seems  clear  that  the  specific growth  rate 
levels are much higher than those obtained at small scale (0.152 vs 0.099 h‐1). With regard to 
the degradation parameters obtained by P. stutzeri (Figure 5.2 and Table 5.4 and Table 5.5), it 
becomes  patent  that  the  maximum  levels  reached  are  quite  different.  Additionally,  it  is 
important to highlight that abiotic degradation was negligible throughout all studies. 
 
Figure 5.2: Biomass concentration () and CP degradation profiles (o) of P. stutzeri at STB. 
Experimental data are represented by symbols and logistic model by solid lines. 
 
Thus, while the overall CP biotransformation was only 48% in 5 days at flask scale, just 2 
days were required to yield complete insecticide degradation, thus confirming our preliminary 
hypothesis  of  a  possible  higher  bioavailability  of  the  pollutant.  The  scale  up  also  allowed 
improving in 10 times the specific degradation rate (0.5 vs 0.05 h‐1). 
This  finding  is  very  advantageous  in  terms  of  bioprocess  efficiency,  and  confirms  the 
suitability of this kind of bioreactor to ease the mass transfer of oxygen and contaminants to 
the microbial  surface  (Deive  et  al.,  2012). Moreover  the  results  obtained  by  P.  stutzeri  are 
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advantageous  when  compared  with  other  research  works  involving  CP  degradation.  As 
examples  of  the  current  literature,  Venkata‐Mohan  et  al.,  (2007)  reported  CP  degradation 
levels of of 36%  in 3 days by Pseudomonas putida  isolated  from  agriculture  field  soil when 
operating  at  optimized  conditions  (pH  7.0,  30°C)  in  a  bioslurry  reactor.  In  the  same  year 
Mathava & Ligy, (2007) after 56 days of treatment in a bench scale reactor, reported maximum 
endosulfan  (OP  pesticide)  degradation  efficiency  of  87%  by  a  mixed  bacterial  culture 
(Staphylococcus  sp., Bacillus  circulans). Besides, 91% of CP biodegradation was  reached  in 3 
days  operating  in  a  bioslurry  reactor  using  native  mixed  microflora  by  reported  Venkata‐
Mohan et al., 2004. The results present in this work are even better than the data reported by 
Ghoshdastidar  et  al.,  (2012)  which  reached  98%  of  CP  elimination  (in  5  days)  using  a 
membrane bioreactor. 
The data  shown  in Figure 5.2 evidence a  strong  relationship between  cell growth and 
biodegradation, which will be confirmed by modeling the process data with the Luedeking & 
Piret  equations,  in  the  form  presented  by Marques  et  al.,  (1986).  This  classic model  was 
described  in detail  in previous  chapters of  this  thesis,  and  the  values of  the  representative 
parameters  obtained  are  shown  in  Table  5.6.  From  the  adequate  accurateness  of  the 
regression  coefficient  (R2  =  0.96)  presented  in  Table  5.6,  a  suitable  description  of  CP 
degradation  can  be  concluded.  Thus,  a  strong  dependence  of  pesticide  degradation  on  the 
biomass growth is observed, since the biomass‐related parameter “m” is 200 times higher than 
“n”.  
Table 5.6: Parameters obtained by regression of the model purpose by Luedeking & Piret. 
Strain  m (%deg L/g)  n (%deg L/g h)  Do (%Rem)  R2 
P.stutzeri  239.33  11.18  0.27  0.96 
 
Regarding the performance of consortium LB2, very  low  levels of biomass and removal 
were recorded (data not shown), probably due to the high antimicrobial activity of the main CP 
degradation  product  TCP  (Pino  et  al.,  2011).  The  bioelimination  behaviour  detected  by  this 
consortium  (33%  in 4 days) was not  attributed  to  the  assimilation or metabolization of  the 
pollutant since a total CP adsorption on the biomass was checked. Although biosorption is also 
a  useful  way  for  removing  contaminants,  the  biodegradation  and  mineralization  can  be 
considered as a more advantageous and efficient alternative.  
In  summary,  it  is  clear  that  P.  stutzeri  can  be  considered  a  promising  bioremediation 
agent, in line with data reported by Maya et al., (2011) who studied a diverse group of bacteria 
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involved  in  the  CP  degradation  and  proposed  a  much  higher  degradation  ability  of 
Pseudomonas genus than Bacillus. 
5.4.3  MONITORING BIODEGRADATION AT STB: FED BATCH 
Once the high biodegradation ability of P. stutzeri was demonstrated  in batch mode at 
STB,  a  fed  batch  strategy  was  explored,  taking  into  account  different  insecticide 
concentrations.  
After 13 days of operation, when CP was  totally degraded and biomass  concentration 
reached values around 0.35 g/L (start to decrease possible due to the main source of carbon 
was depleted) and pH value was 7.6. 50 mg/L of CP were introduced in the bioreactor to start 
the fed‐batch mode. 
 
Figure 5.3: Degradation profiles of CP in fed‐batch STB. 
 
After 17 days, the same operation was repeated again.  In this case, CP was added at a 
final concentration of 75 mg/L. Although percentages of CP degraded decreased from 100% to 
88% after the first addition and to 35% in the second (data are presented in Table 5.7) it was 
detected that the rate of CP degradation increased from 0.5 to 0.78 h‐1. 
This  experiment  confirms  the  great  ability  of  bacterium  P.  stutzeri  for  industrial 
applications. It is remarkable that the system was able to operate in batch and fed‐batch mode 
to  treat different  amounts of pesticide without operational problems  and  reaching high CP 
degradation percentages in short times. 
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Table 5.7: Parameters obtained after fitting to a logistic model. 
Parameters  1 batch  2 batch  3 batch 
Dmax(%deg)  99.72  87.72  34.59 
D0 (%deg)  0.022  0.207  0.057 
D(h‐1)  0.500  0.680  0.783 
R2  0.97  0.99  0.99 
 
 
5.5 CONCLUSIONS 
The results obtained in this chapter, demonstrated that: 
 P.  stutzeri  strain  was  successfully  proposed  for  bioremediating  an  effluent 
containing an OP insecticide. 
 P.  stutzeri  efficiently metabolizes  CP  at  flask  scale:  insecticide  was  degraded 
(about 90%) in less than one month, showing a depletion rate of 0.054 h‐1. 
 Inhibitory effect may be due to increased toxicity of an intermediate degradation 
compound  such  as  TCP  (3,  5,  6‐trichloro‐2‐pyridinol)  could  result  toxic  for 
consortium LB2. 
 The  scale up also allowed  improving  in 10  times  the  specific degradation  rate 
(0.5 vs 0.05 h‐1). While CP biotransformation was only 48% after 5 days at flask 
scale,  just 2 days were  required  to yield complete  insecticide degradation and 
STB scale. This  information confirms the suitability of stirred tank bioreactor to 
implement the bioremediation of agroindustrial‐polluted effluents.  
 A strong dependency between pesticide degradation and biomass growth at STB 
scale was inferred from the mathematical models applied. 
 P.  stutzeri  was  demonstrated  to  be  a  versatile  and  efficient  candidate  to 
implement the bioremediation process at pilot plant scale, since the operation in 
fed‐batch mode allowed a stable pesticide degradation for 1 month.  
 Although  LB2 microbial  consortium  composed  of  Staphylococcus warneri  and 
Bacillus pumilus was a promising candidate  to remediate PAHs, the behavior  is 
different with  this kind of contaminants, which points  the necessity of  tackling 
bioremediation studies at laboratory scale for each type of pollutant. 
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CONCLUSIONS 
The increasing current interest in hazardous wastes generated from industrial processes 
motivated  us  to  seek  efficient  methods  to  remediate  different  agro‐industrial  effluents 
containing model  persistent  contaminants. Among  the  different  options  available  (physical, 
chemical and biological), we have committed ourselves to the biological methods, owing to the 
fact that these are generally considered to be the most economical, environmentally friendly 
and  effective  to  decontaminate  soils  and  effluents—apart  from  having  a  significant  public 
acceptance. 
The potential and versatility of microbes to degrade various types of wastes have made 
them  a  major  promising  alternative  to  attenuate  the  environmental  impact  caused  by 
hazardous compounds of different nature. The results drawn from this thesis clearly show the 
enormous  potential  of  different  genera  of  bacteria  (Anoxybacillus  kamchatkensis, 
Anoxybacillus  flavithermus,  Anoxybacillus  pushchinoensis,  Pseudomonas  stutzeri, 
Staphylococcus warneri  and Bacillus  pumilus)  in  bioremediation processes of  agro‐industrial 
effluents. These microorganisms have  the ability of  successfully degrading different  types of 
common recalcitrant substances present in water, respectively: 
 Di‐azo dyes—common pollutants of textile industrial wastewaters. 
 Metal Working Fluids (MWFs)—employed in different manufacturing facilities. 
 Organophosphate‐based pesticides  (OPs)—the most widely used alternative  in 
agriculture. 
 Polycyclic Aromatic Hydrocarbons (PAHs)—known to be highly toxic, mutagenic, 
genotoxic and carcinogenic to living organisms. 
 
This study reports a novel decolorization process by thermophilic bacteria isolated from 
Spanish  hot  springs  in  aerobic  conditions  of  textile  effluents.  The  results  that we  obtained 
were  promising:  more  than  80%  of  decolorization  in  less  than  12  h  from  three  isolated 
thermophilic  strains belonging  to  the Anoxybacillus genus  (99% homology  in 16S  rRNA gene 
with  Anoxybacillus  pushchinoensis,  Anoxybacillus  kamchatkensis  and  Anoxybacillus 
flavithermus).This  led us to develop the process at bioreactor scale. A deeper examination of 
the biological process kinetics allowed us to analyze the influence of operational variables and 
selected strains on the decolorization percentage. Furthermore,  it also enabled us  to classify 
the decolorization as a process primarily based on biomass or growth rate. 
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Besides, the promising decolorization results obtained in the scaling up phase, as well as 
an  appropriate  application  of  the  experimental  data  into  theoretical  models,  suggest  the 
possibility  of  applying  this  process  to  larger‐scale  systems.  Furthermore,  it  is  important  to 
highlight that the system developed in this study was able to operate at a large scale without 
any operational problem. 
Considering the positive results obtained in the biological treatment of dye stuffs by the 
textile  industry,  an  approach  to  bioremediation  of  degreasing  industrial  baths  (containing 
MWFs)  was  carried  out.  Two  microorganisms  were  tested:  Pseudomonas  stutzeri  and  an 
indigenous consortium  isolated from an  industrial degreasing bath. These were able to thrive 
under  the  conditions present  in  such process operating  in a metal manufacturing  company. 
Factors  such  as medium  composition,  surfactant  addition  and  inoculum  concentration were 
screened to increase the degradation efficiency at bioreactor scale. The final reduction rates in 
total petroleum hydrocarbon  content  (TPH) were up  to  70%,  after having been  exposed  to 
treatment  for  two  weeks.  Thus,  the  efficiency  and  soundness  of  a  biological  process  to 
remediate effluents containing MWFs were proved. 
Moreover, by means of applying both logistic and Luedeking & Piret models, the growth‐
associated character of the degradation process in both the indigenous consortium and the P. 
stutzeri cultures was confirmed. The above‐mentioned statements ascertain the relevance of 
this biological process as an efficient way to degrade MWF‐polluted effluents. Likewise, this is 
the first time that a model system is established for the remediation process of these specific 
contaminants. 
Additionally,  once  the  feasibility  of  the  bioremediation  process  of  MWFs  had  been 
assessed, as  to carry out  the biological degreasing baths  from  industries  it was necessary  to 
perform a sequential process. This consisted, first, of the degreasing bath for the treatment of 
the pieces, and second, a biological degreasing of the water, as shown in the next diagram: 
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Furthermore,  the application of biodegradation  techniques on polluted PAHs effluents 
was  evaluated  for  two  microbial  agents:  P.  stutzeri,  used  as  a  control  and  a  bacterial 
consortium  (LB2)  isolated  from a historical polluted  soil. Excellent  results were obtained  for 
both cases, which confirmed the feasibility of the biological process in a batch operation. Thus, 
a  fed‐batch strategy was approached  in order  to build  the  foundations of  the operation  in a 
continuous stirred tank bioreactor (CSTB). 
First of all, different factors, such as the medium composition and the minimal inhibitory 
concentration  (MIC) were  determined.  The  results  revealed  that  the  use  of  a  rich medium 
involves  lower  levels of growth than a mineral one and that no  inhibitory concentration was 
detected in the range where phenanthrene (PHE) (used as a model) could be solubilised in the 
culture medium (0‐2500 M). On this basis, it can be concluded that high levels of biomass and 
specific  growth  rate  are  obtained within  this  range  of  concentrations. On  the  other  hand, 
crucial  factors  in  the bioremediation process,  like pH,  temperature and PAHs  concentration, 
were evaluated, through experimental design. It was also revealed that the viable range for a 
high  level of biodegradation was: pH 7‐7.5, temperature 35.5‐37.5°C and a  low concentration 
of PAHs (100 M). 
Moreover,  and  in  relation  to  the  selected  consortium  LB2,  this  study  confirms  its 
suitability  to  identify  two  different  Gram‐positive  bacteria  in  the  consortium  (LB2): 
Staphylococcus  warneri  (100%  homology)  and  Bacillus  pumilus  (99%  homology).  In  this 
respect, it is important to bear in mind that this is the first study in which these are proposed 
as biodegradation agents.  In terms of PAHs metabolization, the efficiency was ascertained at 
flask scale  for each contaminant  individually, as well as  for all of them by making up a PAHs 
mixture. Besides,  it becomes clear that the highest maximum biomass  level (0.617 g/L) could 
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be obtained when the most accessible structure of PHE  is present  in the culture medium. As 
far  as  biodegradation  (degradation  profiles)  is  concerned,  it  was  observed  that  PHE 
degradation  levels  reached  43%  and were  completely  removed  on  the  second  day. On  the 
other hand, only 14% and 8% of degradation was obtained after two days  in the presence of 
pyrene (PYR) and benzo[a]anthracene (BaA), although almost 100% was remediated in 5 days. 
On the whole, the results of PHE, PYR and BaA biodegradation obtained at flask scale in 
batch and  fed‐batch cultures and at bioreactor scale were promising. The comparison of the 
parameters observed demonstrated that the specific degradation rate was higher in the latter. 
The  above mentioned provided us with  the  starting point  for  investigating  the  influence of 
different operation modes on the cellular growth and biodegradation capacity. 
An approach of a continuous process in a stirred tank bioreactor (CSTB) with a mixture of 
PHE, PYR and BaA was carried out. The analysis of the effect of the dilution rate allowed us to 
conclude that the degradation potential for a CSTR operating at 0.028 h‐1 was optimum since a 
stable  bioremediation  process  could  be  achieved  for  two weeks.  The  elevated  degradation 
levels  attained  prove  the  further  performance  of  the  microbial  consortium  in  degrading 
polyaromatic  hydrocarbons  and  the  stable  degradation  ability  in  the  proposed  systems.  In 
conclusion, the obtained consortium LB2 could be used for bioremediation and for  industrial 
wastewater treatment in bioreactors. 
Additionally,  the  results observed  in  the use of  ILs  as  PAHs  solubilizers  allowed us  to 
verify  a  negligible  solubilisation  below  the  CMC  of  each  IL, while  a  drastic  increase  in  PHE 
miscibility  was  recorded  at  concentration  values  over  this  critical  point.  This  different 
behaviour could be attributed to the molecular configuration of the studied ILs, as well as the 
chemical structure.  It seems clear that the Gemini‐type  IL [C12mpy]2[Br]2 provides the highest 
PAHs solubilisation capacity.  
Finally,  the  main  degradation  pathways  for  the  selected  PAHs  were  elucidated.  A 
complete mineralization of PAHs via protocatechuate pathway was concluded. 
Additional information was obtained by the simulation of the biological process to treat 
an  industrial  effluent  from  an  industry, which  permitted  to  perform  a  tentative  economic 
evaluation. 
Having  reported  excellent  biodegradation  results  for  different  types  of  recalcitrant 
pollutants,  it  has  been  demonstrated  that  the  processes  suggested  in  this  thesis  can  be 
successfully applied to the removal of organophosphate pesticides (OPs)—currently, the most 
widely  used  alternative  in  agriculture,  specifically  chlorpyrifos  (CP).  Although  LB2 microbial 
consortium composed of S. warneri and B. pumilus was a promising candidate  to  remediate 
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PAHs,  its  behavior  proved  different  with  this  kind  of  contaminants,  which  points  at  the 
necessity of developing bioremediation studies for each type of pollutant. 
In  this work,  P.  stutzeri  strain was  successfully  proposed  as  an  OP‐based  insecticide 
bioremediation  agent.  The  operation  at  bioreactor  scale  entailed  benefits  in  terms  of 
bioprocess economy and pollutant degradation, yielding 100% of  removal  in  less  than  three 
days.  These  data  confirm  the  suitability  of  a  stirred  tank  bioreactor  to  implement  the 
bioremediation of agro‐industrial effluents. 
The afore‐mentioned conclusions point out the relevance of the results obtained  in the 
present thesis. These suggest that the different genera of bacteria used in this study could be 
successfully applied  to  the  remediation of agro‐industrial effluents at  real  scale. Taking  into 
account  the  problems  detected  in  these  studies,  it  is  clear  that  developing  bioremediation 
studies  for  each  type  of  pollutant  is  necessary  as  to  establish  the  most  appropriate 
microorganism to each kind of pollutant. Further research  is currently under way  in order to 
confirm  these  results, by  assessing other  real  effluents  and  different bioreactor designs  for 
continuous treatment. 
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CONCLUSIONES 
La  rápida  industrialización,  como principal  consecuencia del  desarrollo de  la  actividad 
humana, ha conllevado el agotamiento de  los recursos naturales, causando un grave  impacto 
sobre los ecosistemas y su degradación, así como el deterioro en general del medio ambiente. 
Hoy en día,  existe una  creciente preocupación  sobre  los  residuos,  generalmente peligrosos, 
generados en  los procesos  industriales ya que se  trata de mezclas complejas de compuestos 
diferentes  que  habitualmente  tienen  como  destino  último  la  deposición  sobre  el  medio 
ambiente, bien sea en el agua o el suelo. 
Durante  las  últimas  décadas  se  han  explorado  diferentes  tecnologías  con  el  fin  de 
eliminar este  tipo de  contaminantes. Estos métodos  se pueden  clasificar en métodos  físico‐
químicos y biológicos, siendo estos últimos  la  forma más barata y eficaz para descontaminar 
suelos y efluentes, y que generalmente tienen una buena aceptación pública además de que se 
pueden  llevar a cabo en el propio  lugar. Esta tecnología  implica el uso de microorganismos y 
permite  la mineralización  de  los  contaminantes  utilizando  las  vías  diseñadas  por  la  propia 
naturaleza.  El  potencial  uso  de  los  microorganismos  como  agentes  degradadadores  de 
residuos se presenta como la principal alternativa para atenuar el impacto ambiental causado 
por diferentes contaminantes tóxicos y persistentes. 
Los  resultados  obtenidos  a  lo  largo  de  esta  tesis  ponen  de  manifiesto  la  enorme 
potencialidad  de  diferentes  microorganismos  (Anoxybacillus  kamchatkensis,  Anoxybacillus 
flavithermus, Anoxybacillus  pushchinoensis,  Pseudomonas  stutzeri  ,Staphylococcus warneri  y 
Bacillus  pumilus)  en  los  procesos  de  biorremediación  de  efluentes  agroindustriales.  Estos 
microorganismos  han  sido  probados  con  éxito  en  la  biodegradación  de  diferentes 
contaminantes altamente recalcitrantes presentes en aguas residuales como: 
 Tintes  de  naturaleza  diazoica,  los  cuales  representan  un  tipo  habitual  de 
contaminantes en los efluentes de la industria textil. 
 Fluidos de corte, empleados en las industrias de acabado de superficies. 
 Pesticidas organofosforados,  los cuales se han usado de forma desmesurada en 
la agricultura. 
 Hidrocarburos  aromáticos  policíclicos  (HAPs),  sustancias  conocidas  por  su 
elevada  toxicidad,  efectos  mutagénicos,  genotóxicos  y  cancerígenos  para  los 
organismos vivos, generados en diversidad de sectores industriales. 
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En esta tesis se presentó un proceso de decoloración de efluentes textiles llevado a cabo 
por bacterias termófilas aisladas de fuentes termales en el noroeste de España en condiciones 
aerobias. Los resultados obtenidos, más de un 80% de decoloración en menos de 12 horas por 
tres  de  las  cepas  que  han  sido  identificadas  como  Anoxybacillus  genus  (con  un  99%  de 
semejanza  con  Anoxybacillus  pushchinoensis,  Anoxybacillus  kamchatkensis  y  Anoxybacillus 
flavithermus), han permitido  implementar un escalado  satisfactorio del proceso. Asimismo a 
partir del estudio de caracterización cinética del proceso biológico y del análisis de la influencia 
de  las  variables  operacionales  sobre  la  capacidad  degradativa  de  los  microorganismos  se 
concluye  que  el  proceso  de  decoloración  es  un  proceso  íntimamente  relacionado  con  el 
crecimiento microbiano. 
Asimismo,  tanto  los  excelentes  valores  de  decoloración  obtenidos  en  el  escalado  del 
proceso, como el buen ajuste de los datos experimentales a modelos teóricos, podrán facilitar 
la  implementación de este proceso a gran escala. Es  importante destacar que el escalado de 
este  proceso  en  biorreactores  de  laboratorio  ha  tenido  lugar  sin  ningún  problema  de  tipo 
operacional. 
Una  vez  demostrada  la  viabilidad  de  la  biodegradación  de  efluentes  coloreados 
procedentes  de  la  industria  textil,  se  ha  llevado  a  cabo  un  planteamiento  análogo  para  el 
desengrase  biológico  de  baños  procedentes  de  la  industria  metálica,  que  habitualmente 
contienen  fluidos de  corte. En este proceso  se han utilizado dos  tipos de microorganismos, 
Pseudomonas stutzeri, y un consorcio bacteriano aislado de  los propios baños de desengrase 
muestreados  en  empresas  del  sector,  adaptado  a  las  agresivas  condiciones  ambientales 
existentes  en  los mismos.  Se  analizaron  factores  tales  como  la  composición  del medio  de 
cultivo,  la adición de surfactantes, y  la concentración celular óptima necesaria, para  lograr  la 
implementación de este sistema a escala reactor, obteniéndose niveles de reducción referidos 
a  la concentración de hidrocarburos totales de petróleo entorno al 70% tras dos semanas de 
tratamiento.  
El ajuste de  los datos experimentales a modelos  logísticos y al modelo de Luedeking & 
Piret,  permitió  concluir  la  relación  existente  entre  la  biodegradación  y  los  niveles  de 
crecimiento celular alcanzados para los dos agentes microbianos utilizados. 
A  tenor  de  lo  expuesto  anteriormente,  se  hace  patente  la  eficacia  del  proceso  de 
desengrase biológico para la eliminación de metales de corte y es importante reseñar que es la 
primera  vez  que  se  tiene  conocimiento  sobre  el  modelado  del  proceso  con  este  tipo  de 
contaminantes. 
A partir de  los ensayos expuestos anteriormente y, una vez corroborada  la eficacia de 
este tratamiento, se puede afirmar que para poder llevar a cabo el desengrase biológico de los 
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baños  procedentes  de  industrias metalúrgicas  es  necesario  realizar  un  proceso  secuencial: 
primero  baño  de  desengrase  para  el  tratamiento  de  las  piezas,  seguido  de  un  desengrase 
biológico de este agua en un biorreactor, tal y como se esquematiza en el siguiente diagrama: 
 
 
 
Asimismo, y análogamente a los procesos descritos hasta el momento, se ha procedido a 
la  depuración  de  efluentes  industriales  contaminados  por  Hidrocarburos  Aromáticos 
Policiclicos  (HAPs) mediante  la utilización de dos agentes microbianos: P. stutzeri, propuesta 
como control a  lo  largo de toda esta tanda de experimentos y un consorcio bacteriano, LB2, 
obteniéndose  excelentes  resultados  de  degradación  a  escala  matraz  para  ambos 
microorganismos,  y  confirmándose  así  la  posibilidad  de  aplicar  este  proceso  tanto  con 
adiciones sucesivas como el escalado a reactor en modo continuo. 
Primeramente,  se  han  realizado  ensayos  preliminares  para  determinar  factores  tales 
como  la  composición  del medio  y  la  concentración  inhibitoria mínima,  a  fin  de  operar  en 
condiciones favorables, encontrándose que el uso de un medio rico, en lugar de uno mineral, 
supone menores  valores  de  crecimiento  y  no  encontrándose  una  inhibición  apreciable  en 
función del  rango de  contracciones de  contaminante utilizado.  En  este  caso  se ha utilizado 
como  contaminante  modelo  fenantreno,  y  el  rango  estudiado,  entre  0  y  2500  M  se  ha 
determinado en  función de  la  capacidad de  solubilización de estos  compuestos. Así pueden 
concluirse que, en el rango propuesto, valores y velocidades de crecimiento elevadas. Por otra 
parte,  se  han  evaluado  a  través  de  un  diseño  factorial,  factores  claves  a  considerar  en  un 
proceso de degradación biológica como pH,  temperatura y concentración de contaminantes, 
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obteniéndose que  las condiciones óptimas para obtener  los mayores niveles de degradación 
son: pH 7‐7.5, temperatura 35.5‐37.5°C y bajas concentraciones de HAPs (100 M). 
Este  estudio  permitió  confirmar  la  idoneidad  del  consorcio  aislado  de  los  suelos  (LB2 
formado  por  dos  bacterias  Gram‐positivas,  S.  warneri  (100%  similitud)  y  B.  pumilus  (99% 
similitud),  en  la  biodegradación  de  HAPs,  siendo  la  primera  vez  que  se  estudiaron  como 
posibles degradadores de HAPs. 
En  cuanto  a  la  capacidad  degradativa  de  ambos,  se  ha  comprobado  primeramente  a 
escala matraz  y  para  cada  contaminante  separado  así  como  con  la mezcla  de  todos  ellos, 
obteniéndose  el  máximo  nivel  de  crecimiento  celular  (0.617  g/L)  cuando  el  consorcio  se 
encuentra  en presencia de un  solo  contaminante,  en  este  caso  fenantreno, probablemente 
debido a su estructura más accesible. En cuanto a  los niveles de degradación alcanzados son 
en general muy elevados, y cabe destacar que  la  interacción entre  los dos microorganismos 
componentes del consorcio es beneficiosa en el proceso de biorremediación. 
Considerando los buenos resultados obtenidos en la degradación de los diferentes HAPs 
tanto a escala matraz tras sucesivas adiciones, como en reactor (en este último los valores y las 
velocidades de degradación son más elevadas que a pequeña escala), se investigó la influencia 
de diferentes modos de operación en el crecimiento celular y la capacidad biodegradativa. De 
este  modo,  se  ha  procedido  al  escalado  en  continuo  del  proceso,  con  una  mezcla  de 
contaminantes.  El  análisis  de  diferentes  velocidades  de  dilución  pone  de  manifiesto  una 
degradación máxima al operar a una velocidad de 0.028 h‐1durante dos semanas. 
Como  resumen, se puede concluir que  los elevados niveles de degradación alcanzados 
ponen de manifiesto el enorme potencial de este consorcio microbiano en  la biodegradación 
de  efluentes  contaminados  por  HAPs,  por  lo  que  este  consorcio  podría  ser  utilizado  en 
biorremediación con propósitos industriales. 
Finalmente,  la monitorización del cultivo mediante análisis por cromatografía de gases 
ha permitido concluir que estos microorganismos permiten la mineralización total de los HAPs 
siguiendo la ruta del protocatecuato. 
Considerando los elevados niveles de biodegradación alcanzados a lo largo de esta tesis 
para diferentes tipos de contaminantes de naturaleza altamente recalcitrante, se ha abordado 
como parte  final  la bioeliminación de pesticidas organofosforados  (OP), muy utilizados en  la 
agricultura,  específicamente  del  pesticida  clorpirifos  (CP).  Así  pues  y  a  tenor  de  los  datos 
obtenidos,  si  bien  el  consorcio  microbiano  LB2  compuesto  por  S.  warneri  y  B.pumilus  se 
presentaba  como un  prometedor  candidato  en  la  eliminación  de  los HAPs,  su  respuesta  es 
totalmente diferente con este tipo de contaminantes, lo que destaca la necesidad de abordar 
los estudios de biorremediación para cada tipo de contaminante en particular. 
Conclusions/Conclusiones 
6‐12 
Por  el  contario,  se  confirmó  la  versatilidad  de  la  bacteria  P.  stutzeri  al  observar  los 
elevados  niveles  de  degradación  logrados  en  una  semana  de  cultivo  a  escala  matraz.  La 
operación a escala biorreactor supuso un beneficio indudable en lo que se refiere a eficiencia 
del proceso ya que se consiguió eliminar un 100% en menos de 3 días. A la vista de estos datos 
se  confirma  la  idoneidad  del  biorreactor  de  tanque  agitado  como  medio  para  abordar  la 
biorremediación de efluentes agroindustriales contaminados. 
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a b s t r a c t
In this study, thermophilic microbial strains from thermal spots in northwestern Spain displaying excel-
lent decolorization capability were isolated. The research work tackled: (i) the ability of consortia to
degrade a model di-azo dye Reactive Black at different pHs in ﬂask cultures, obtaining that just neutral
pHs licensed degradation levels near to 70%, (ii) the isolation of tree of the bacteria, which renderedvailable online 1 July 2010
eywords:
ye decolorization
eactive Black 5
solation
possible reaching high levels of decolorization (80%) after just 24h in aerobic conditions, and which were
identiﬁed through 16S rRNA sequencing to possess high homology (99%)with Anoxybacillus pushchinoen-
sis, Anoxybacillus kamchatkensis and Anoxybacillus ﬂavithermus, and (iii) the cultivation of the isolates in
a bench-scale bioreactor, which led to a decolorization rate two-fold higher than that obtained in ﬂask
cultures. Therefore, this work makes up the ﬁrst time that a decolorization process of an azo dye by
ismsonsortium
hermophiles
thermophilic microorgan
. Introduction
Management of water pollution is currently one of the major
hallenges for environmentalists. More than 10,000 different tex-
ile dyes, with an estimated annual production of 8×105 metric
onnes, are commercially available worldwide; about 50% of these
re azo dyes [1,2].
Highly colored synthetic dye efﬂuents from the textile, food,
aper and cosmetic industries have contaminated water resources,
nd these contaminants are easily identiﬁable to the naked eye.
he complex aromatic structures of the dyes are resistant to light,
iological activity, ozone and other environmental degradative
onditions [3]. The efﬂuents may signiﬁcantly affect photosyn-
hetic activity in aquatic life due to reduced light penetration and
ncreased chemical oxygen demand. Concerns have arisen because
any of the dyes are made from known carcinogens, toxins and
utagens, such as benzidine and other aromatic compounds, and
ften involve the presence of metals, chlorides, and aromatic com-
ounds [4].
Dyes can be classiﬁed according to several features, but one typ-
cal consideration iswhether they are ionic or nonionic, as reported
y Robinson et al. [5]. Ionic dyes are direct, acid and reactive dyes.
onionic dyes refer to disperse dyes because they do not ionise in
n aqueousmedium. Direct dyes are themost popular class of dyes,
∗ Corresponding author. Tel.: +34 986 812383; fax: +34 986 812380.
E-mail address: sanroman@uvigo.es (M.A. Sanromán).
304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.06.096in aerobic conditions is investigated.
© 2010 Elsevier B.V. All rights reserved.
owing to their easy application, wide color range, and availability
at modest cost. Most direct dyes have di-azo and tri-azo structures.
Azo dyes are the largest class (60–70%) of dyes, with the greatest
variety of colors [6].
Importantly, conventional wastewater treatment remains inef-
fective in decolorizing these compounds. Several methods for the
removal of dyes in textile wastewater have been implemented to
overcome this problem. These methods have been classiﬁed into
three categories, physical, chemical and biological, and they have
been extensively reviewed [5,7–10]. Although physico-chemical
techniques are commonly used [11–13], their major disadvantages
are high cost, low efﬁciency, limited versatility, interference by
other wastewater constituents and the handling of the waste gen-
erated. Microbial decolorization, being cost-effective, is receiving
more attention for the treatment of textile dye wastewater [14].
Dye-bath efﬂuent compositions vary depending on the type
of ﬁbers to be dyed. For instance, while wool dyeing involves
efﬂuents with acid pH, cotton dye entails neutral or alkaline
conditions. Besides, these efﬂuents, with a temperature range of
30–60 ◦C, exhibit high concentrations of dye stuff, biochemical
oxygen demand, total dissolved solids, sodium, chloride, sulphate,
hardness, heavy metals and carcinogenic dye ingredients. For
this reason, the use of biological processes for their treatment
requires thepresenceofmicroorganisms thriving inextremecondi-
tions. Thermophilic microorganisms are amongst the most studied
extremophiles andaregainingwide industrial andbiotechnological
interest due to the fact that they are well suited for harsh indus-
trial processes. For this reason, thermal springs, solphataric ﬁelds,
736 F.J. Deive et al. / Journal of Hazardous Materials 182 (2010) 735–742
Table 1
Chemical structure, color index (C.I.) and wavelength at maximum absorbance of dyes.
Class Dye Structure C.I. max (nm)
Poly R-478 Anthraquinone – 520
Methyl Orange Azo 13,025 466
Lissamine Green Diphenylnaphthyl-methane 44,090 633
Reactive Black 5 Di-azo 20,505 597
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sbyssal hot vents (“black smokers”), active seamounts, smoul-
ering coal refuse piles and hot outﬂows from geothermal and
uclear power plants have been screened worldwide to ﬁnd the
ight metabolite for every application [15–19]. However, the use
f thermophilic strains for textile dye decolorization is yet to be
eeply investigated. Willets et al. [20] was the ﬁrst to report on
his issue, and since then, few papers have been found in the
iterature. Recently, Boonyakamol et al. [21] have reported the ben-
ﬁts of using thermophiles instead of mesophiles to decolorize
model anthraquinone dye, and dos Santos et al. have widely
eported the necessity of introducing redox mediators to achieve
igh decolorization efﬁciencies of several azo dyes by using anaer-
bic thermophiles [22–27]. However, as the anaerobic degradation
f azo dyes usually produces aromatic amines, which are carcino-
enic andmutagenic, the aerobic treatment is the only safemethod
or the biodegradation of textile azo dyes, and thermophilic aerobic
reatments is yet to be studied [28].
There are some beneﬁts of working at high temperatures, such
s reduced cooling costs, increased solubility of most compounds
except gases), decreased viscosity and a lower risk of contam-
nation. However, there are also disadvantages, such as higher
quipment corrosion problems, liquid evaporation, and substrate
ecomposition. Therefore, one of the most challenging and less
tudied aspects of culturing extremophilic microorganisms is the
caling-up of the process. Nevertheless, there are a few papers inwhich large-scale operations using thermophilic organisms have
been addressed [24–26,29–31].
In this work, the model di-azo dye Reactive Black 5, one of
the most commonly used reactive dyes for textile ﬁnishing, was
selected as the target compound representing a dye pollutant of
industrial wastewaters. Up to our knowledge, there are almost no
reports dealingwith thermophilic aerobic decolorization processes
of azo dyes, so several hot springs in the northwest of Spain were
screened to ﬁnd thermophilic aerobic bacteria and consortia that
could efﬁciently decolorize an efﬂuent containing the model dye
in aerobic conditions. The process was then scaled up from shake
ﬂasks to bench-scale bioreactors.
2. Experimental
2.1. Dyes
Poly R-478, Methyl Orange, Lissamine Green B and Reactive
Black 5 were purchased from Sigma. The structure and the main
characteristics of these dyes are shown in Table 1.2.2. Sampling for strain isolation
The samples containing mud and water were collected dur-
ing October (wet season) 2008 in four different locations of the
F.J. Deive et al. / Journal of Hazardous Materials 182 (2010) 735–742 737
Table 2
Sampling site characteristics and growth and decolorization ability of consortia developed from Galician thermal springs.
Sampling sites pH 4 pH 7.5
Code pH T (◦C) Growth % Removal (24h) Growth % Removal (24h)
BLO 1 7.54 47 + 15.6 ++ 76.4
BLO 2 7.31 48 + 16.8 ++ 72.7
BLO 3 7.32 44 + 16.4 0 0
BLO4 7.17 67 0 0 ++ 28.2
BCH1 7.91 60 0 0 0 0
BCH 2 8.07 64 + 14.3 ++ 25.8
BCH 3 8.01 49 + 14.1 ++ 49.2
BCH4 7.89 61 0 0 ++ 0
BCH5 7.86 53 0 0 0 0
BCH 6 8.00 53 0 0 ++ 89.5
BCH7 7.56 53 0 0 0 0
BTI 1 7.55 45 0 0 0 0
BTI 2 6.94 40 + 8.9 ++ 83.6
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value was the mean of two parallel experiments. Abiotic con-
trols (without microorganism) were always included. The assays
were done in duplicate, and the experimental error was less
than 3%.BBU 1 8.35 53 +
BBU 2 8.34 60 0
BBU3 7.92 66 0
BBU4 7.93 55 0
rovinceofOurense: asBurgas, Lobios,AChavasqueiraandTinteiro.
he pH and temperature of every sampling site was measured, and
he data obtained are listed in Table 2. The samples were stored in
terile glass tubes with screw tops.
.3. Strain isolation
Strain isolation was carried out by the 13-streak plate method,
hich consisted of a mechanical dilution of the samples on the
urface of agar plates. Basal medium was composed of (g/L, in dis-
illed water): 8 trypticase, 4 yeast extract, 3 sodium chloride, 20
gar, and 0.07 dye. In all cases, the pH was adjusted with NaOH
1M) or HCl (1M) (as indicated in the Results and Discussion
ection). The plates were incubated at 65 ◦C to screen for highly
hermophilic microorganisms. Dyes were sterilised by ﬁltration
hrough a 20-m ﬁlter and added to the autoclaved medium to
void any possible alteration to the chemical structure of the dye.
positive result was a transparent halo around the colonies grow-
ng in plates stained with dye, indicating decolorization ability.
ach isolate and consortium was named with letters referring to its
rigin (Chavasqueira, BCH; Tinteiro, BTI; Burgas, BBU; and Lobios,
LO).
.4. Flask culture
Unless otherwise stated, submerged aerobic cultures were car-
ied out in 250-mL Erlenmeyer ﬂaskswith 50mL of a basalmedium
the same indicated in Section 2.3 without agar) [31]. The pH
as initially adjusted to 7.5, and the medium without dye was
utoclaved at 121 ◦C for 20min. The ﬂasks were inoculated (3%)
ith the hot spring samples or with previously obtained cell
ellets, which were then incubated in an orbital shaker (Innova
4, New Brunswick Scientiﬁc,) at 65 ◦C and 100 rpm. A number
f samples higher than 6 were taken, each one with a volume
f 1mL.
.5. Bioreactor culture
The bubbling bioreactor consisted of a jacketed glass column
.5 cm in internal diameter and 20 cm high (working volume:
00mL) and it is schematically shown in Fig. 1. It was ﬁlled with
he basal medium described above containing 0.07g/L of Reactive
lack 5. The temperature was maintained at 65 ◦C by circulation of
hermostatted water, and the pH was adjusted to 7.5. The bioreac-
or was inoculated with previously obtained cell pellets (obtained6.1 0 0
0 ++ 30.4
0 0 0
0 0 0
after centrifugation for 10min at 5000× g anddriedunder vacuum)
at a concentration of 3% (v/v) [31]. Humidiﬁed air was supplied
continuously at 300mL/min (hydraulic retention time=0.017h),
and samples were taken regularly during the experimental period
(24h).
2.6. Culture sample preparation and decolorization analysis
Cells were harvested by centrifugation (10min, 5000× g), and
the supernatant was reserved for decolorization analysis. Decol-
orization was measured spectrophotometrically (Unicam Helios ,
Thermo Electron Corp.) from 300 to 750nm, calculated by measur-
ing the area under the plot and expressed in terms of percentage.
D (% removal) = (Ii − If) 100/Ii, where Ii and If are initial and ﬁnal
area of the dye solution, respectively [32]. Each decolorizationFig. 1. Schematic diagram of the bubble bioreactor used in this study.
7 rdous
2
6
d
2
a
u
f
r
A
o
N
t
o
w
o
2
3
3
e
[
o
d
R
o
h
w
a
s
i
o
t
f
o
o
a
a
c
v
c
0
0
o
c
c
f
i
t
a
s
W
m
f
c38 F.J. Deive et al. / Journal of Haza
.7. Cell growth determination
Biomass concentration was measured by turbidimetry at
00nm, and the obtained values were converted to grams of cell
ry weight per litre using a calibration curve.
.8. Genetic identiﬁcation of the selected strains
Isolates were identiﬁed by 16S rRNA sequencing. Degener-
te primers based on the conserved sequence of 16S rDNA were
sed to amplify 16S rDNA from isolated bacterium using PCR. The
orward primer was 5′-AGA-GTT TGA TC/TA/C TGG CT-3′ (Invit-
ogen), and the reverse primer was 5′-TAC GGC/T TAC CTT GTT
CG ACT-3′ (Invitrogen). PCR-ampliﬁed fragments were puriﬁed
n Microspin columns (Amersham Farmacia Biotech, Piscataway,
J, USA), and cycle sequencing was done in a GeneAmp PCR sys-
em 2400 (Applied Biosystems) thermocycler. Multiple alignment
f sequences was created by ClustalX, version 1.81 [33], which
ere subsequently compared with sequences in public databases
f GeneBank (http://www.ncbi.nlm.nih.gov/) with BLAST, version
.2.6.
. Results and discussion
.1. Obtaining consortia with decolorization ability
The use of thermophilic microbial consortia to decolorize efﬂu-
nts is considered anaccelerated andeffectivedegradation strategy
34,35], so the search for thermophilic consortia able to decol-
rize model dyes marked the onset of this work. Four different
yes, such as Poly R-478, Methyl Orange, Lissamine Green B and
eactive Black 5, were selected to qualitatively check the decol-
rization ability on plate of thermophilic consortia from Galician
ot springs. Although in all cases several degrees of decolorization
ere observed, Reactive Black 5 was chosen as model di-azo dye to
pproach this study.Many researchers have focused decolorization
tudies in the following two ways. One is the decolorization of var-
ous dyes by an individual strain and the other is the decolorization
f a single dye by various strains [36–38]. In this study, we tried
o demonstrate the feasibility of a decolorization process using dif-
erent thermophilic consortia and isolates in aerobic conditions for
ne only model dye (Reactive Black 5).
The next stage of the work included a preliminary screening
f viable dye concentration values allowing high levels of growth
nd decolorization rate. There are a variety of published studies
ddressing different dye concentrations of synthetic efﬂuents with
oncentrations ranging from 0.000022 to 5g/L. As many dyes are
isible in water in concentrations as low as 0.001g/L and pro-
essing textile efﬂuents have concentrations ranging from 0.01 to
.2 g/L [39], plate cultures at Reactive Black concentrations of 0.01,
.03, 0.07, 0.1 and 0.2 g/L were performed, and it has been visually
bservedhigh cellular growthanddecolorization ability in2days at
oncentrations under 0.07g/L, being 0.1 g/L the minimal inhibitory
oncentration. Due to this, 0.07 g/L was the concentration chosen
or further investigation.
Cultures were carried out at different pH values (4, 7.5 and 9) by
noculating the ﬂasks with the samples collected from the selected
hermal springs. Growth was only detected at acid and neutral pH,
nd the results of decolorization are shown in Table 2. The con-
ortia growing at pH 4 rendered very low levels of decolorization.
e observed that several consortia growing at pH 4 possessed a
ycelium-type morphology because this pH value is more suitable
or fungal growth.
Additionally, dye biosorption could be visually identiﬁed, indi-
ating that the dominant mechanism of dye removal by the fungusMaterials 182 (2010) 735–742
was probably bioaccumulation. pH is one of the important param-
eters affecting the biosorption and bioaccumulation potential, and
acidic values seemed to favour dye biosorption. In this sense, there
aremanystudies concludingacidicpHs for achievingmaximumdye
uptake with living fungi, as those reported by Ikramullah et al. and
Taskin and Erdan for Reactive Red and Reactive Black, respectively
[40,41].
The results obtained can be explained in terms of the net charge
due to the functional groups existing on the microorganismal sur-
face. At acidic pH values, there is more interaction between the
negatively charged dye molecules and positively charged binding
sites on the biosorbent surface. This fact was also reported by Akar
et al. [42] and by Iqbal and Saeed [43] in studies on dye biosorption
by the macro-fungus Agaricus bisporus and by the white-rot fun-
gus Phanerochaete chrysosporium, respectively. Increasing sorption
capacity with decreasing pH was also reported for algae, bacteria
and yeasts [44–46].
On the other hand, in light of the results listed in Table 2, there
were four consortia that yielded over 70% of decolorization within
24h of treatment at 65 ◦C. These results are better than those
obtained by Tony et al. [47]. They reported less than 40% of decol-
orizationwith several azo dyeswhen a consortiumdeveloped from
a textilewastewater treatment plantwas used.We also used a tem-
perature higher than that reported by Dos Santos et al. [26]. They
reported decolorization values of the dye Reactive Red 2 ranging
from 79% to 95% when a thermophilic consortium was grown at
55 ◦C in thermophilic bioreactors at a HRT of 2.5 and 10h, respec-
tively. Therefore, since all the data found in the literature related
to thermophilic decolorization of azo dyes tackles anaerobic pro-
cesses, our results underscore the importance of going beyond the
technical aspects and trying to isolate and identify the microorgan-
isms involved in the decolorization process.
3.2. Isolation and genetic identiﬁcation of dye-decoloring
microorganisms and process modelling
Agar plate cultures streaked from the consortia yielding the
highest decolorization levels allowed us to isolate three valu-
able strains of bacteria with decolorization potential. The colonies
showed the typical appearance of bacteria, and they presented
fast growth (less than 1 day), which is usual in this kind of
microorganisms. The three isolated strains were identiﬁed by 16S
rRNA sequencing. The degenerate primers based on the conserved
sequence of 16S rDNA were used to amplify 16S rDNA from the
isolated bacteria through PCR. The 16S rRNA sequences of BCH6st,
BLO1st and BLO2st exhibited the highest similarity (99%) to those
of Anoxybacillus pushchinoensis, Anoxybacillus kamchatkensis and
Anoxybacillus ﬂavithermus, respectively.Noneof the isolated strains
had ever been reported as dye-decoloring microorganisms, and
there are just a few papers describing growth characteristics or
metabolite production [48–50].
The ability to decolorize the di-azo dye at a concentration of
0.07g/L was experimentally ascertained through cultivation in
Erlenmeyer ﬂasks, and the UV spectra obtained (Fig. 2) clearly
reﬂects the removal of the color. This strategy allowed us to per-
form an in-depth study of the biological characteristics of bacterial
growth and decolorization. The cell growth and decolorization
modelling could be a valuable tool for characterising the relation-
ship between themetabolites triggering dye decolorization and the
biomass. In this sense, kinetic behaviour is an extremely impor-
tant subject in the implementation of any biological process, as it
can ease the control, which is crucial when operating at industrial
scale. Moreover, modelling the behaviour of bacteria in biological
reactions will allow us to anticipate their responses to certain envi-
ronmental conditions, to select the operation mode that ensures
the quality of the desired product, and to facilitate an efﬁcient
F.J. Deive et al. / Journal of Hazardous
Fig. 2. UV spectra at time 0 (continuous line), 18 (dotted line) and 42h (dashed line)
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T
Pf ﬂask culturesof: (A)Anoxybacillus pushchinoensis, (B)Anoxybacillus kamchatkensis,
nd (C) Anoxybacillus ﬂavithermus.
rocess design, by avoiding costly, time-wasting steps and min-
mising the amount of spoiled batches to reject and wastes for
isposal. The interest is even greater because no data addressing
he modelling of this kind of thermophilic processes have been
ublished.
The performance of the biological process, shown schematically
n Fig. 3, was adequately modelled by ﬁtting to the logistic equa-
ions, in which X and D are the biomass and the decolorization
r removal degree at a speciﬁc moment of the culture time (t),
espectively,X0 andXmax are the initial andmaximumbiomass con-
entrations, respectively, D0 and Dmax are the initial and maximum
ecolorization percentage, respectively, m is the maximum spe-
able 3
arameters deﬁning the logistic model that characterises the growth and the decolorizati
Strain X0 (g/L) Xmax (g/L) m (h−1) R2
A. pushchinoensis 0.05 0.84 0.17 0.9
A. kamchatkensis 0.04 0.59 0.25 0.9
A. ﬂavithermus 0.06 0.53 0.36 0.9Materials 182 (2010) 735–742 739
ciﬁc growth rate, and D is the maximum speciﬁc decolorization
rate.
X = Xmax
1 + e[ln((Xmax/X0)−1)−mt] (1)
D = Dmax
1 + e[ln((Dmax/D0)−1)−Dt] (2)
Adjusting experimental data to models was done by an iter-
ative procedure, based on the Marquardt–Levenberg algorithm,
which seeks the values of the parameters that minimise the
sum of the squared differences between the observed and pre-
dicted values of the dependent variable, using Sigma Plot 8.0
software.
A visual inspection of the results indicates that the decoloriza-
tion process mainly occurred during the ﬁrst 12h of biological
treatment. Notably, one of the isolates (A. ﬂavithermus) reached83%
decolorization within this short period of time at a temperature of
65 ◦C. It is clear that these isolates are a promising alternative for
decolorization treatment of textile dye efﬂuents, discharged at ele-
vated temperatures, because the typical treatment time required
for carrying out the biological process is often longer than 1 day
[51]. Barragan et al. [52] studied three bacterial strains (Enterobac-
ter sp., Morganella sp. and Pseudomonas sp.), both separately and
in combination. As in our work, they found that none of the strains
was capable of growth in a liquid medium using dye as the sole car-
bon source or supplemented with glucose. Growth only occurred
when the liquid medium was supplemented with peptone, yeast
extract and urea, as observed here. Indeed, bacterial growth for
color removal in a liquid medium usually requires complex organic
sources, such as yeast extract, peptone or a combination of complex
carbon sources and carbohydrates.
Additionally, from the parameters obtained by ﬁtting to the
logistic model, and shown in Table 3, it can be concluded that the
maximum speciﬁc growth rates (m) varied signiﬁcantly from one
strain to another, and all of them were signiﬁcantly higher than
those obtained by Bedwell and Goulder [53] or Ostrowski et al.
[54]. Moreover, the analysis of Dmax conﬁrmed that all the iso-
lates achieved decolorization percentages higher than 65% in short
periods of time.
Anew insight into thekinetic behaviour of thebiological process
is proposed here. The decolorization degree is given as a function of
the growth rate and the biomass on the basis of the model reported
by Marques et al. [55]. This classic model considered the relation-
ship between cell growth anproduct formation, and in this case, the
product could be any metabolite or enzyme with oxidant/reducing
activity triggering the decolorization process.
D = D0 + mX0
{
emt
[1.0 − (X0/Xmax)(1.0 − emt)]
− 1.0
}
+n
(
Xmax
m
)
ln
[
1.0 −
(
X0
Xmax
)
(1.0 − emt)
]
(3)
This algorithm allows us to deﬁne the decolorization efﬁciency(n=0) or a function of both parameters (m /= 0 and n /= 0). The
model is suitable for describing the decolorization response by the
different microorganisms, as can be concluded from the adequate
accuracy of the regression coefﬁcients (higher than0.90). All theﬁt-
on of isolates from Galician thermal springs in ﬂask cultures.
D0 (% Rem.) Dmax (% Rem.) D (h−1) R2
9 2.05 66.25 0.51 0.99
9 0.49 75.27 0.78 0.99
7 2.85 83.83 0.59 0.99
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Table 4
Parameters obtained by regression of the model described in Eq. (3).
Strain m (% Rem./g) n (% Rem./gh) D0 (% Rem.) R2
T
Pig. 3. Cellular growth (full symbols) and dye decolorization (%) (void symbols) in ﬂ
ymbols: experimental data; solid line: logistic model.
ing parameters are listed in Table 4. Bearing in mind these results,
igniﬁcantly different kinetic behaviours could be concluded for
he different strains. It is noteworthy that A. pushchinoensis pos-
essed the ability to degrade the azo-dye structure primarily based
n the growth rate, whereas A. kamchatkensis and A. ﬂavithermus
howed a clear dependence on biomass production. These ﬁnd-
ngs indicate that kinetic behaviour is a critical issue that must be
ddressed when a novel strain is studied, and it can be concluded
hat the decolorization efﬁciencies provided by A. kamchatkensis
nd A. ﬂavithermus are higher at increased levels of cell growth. In
greement with this fact, Silveira et al. [56] reported that, based
n SEM analysis, greater biomass production is needed to pro-
ote better dye color removal. Thus, there is a need for greater
iomass production, as all the biomass produced seemed to be
ttached to the mineralised dye. Khehra et al. [57] found that
he bioaccumulation process is directly linked to biomass pro-
uction for strains isolated from soil or sludge from textile dye
aste.
able 5
arameters deﬁning the logistic model that characterises the growth and the decolorizat
Strain X0 (g/L) Xmax (g/L) m (h−1) R2
A. pushchinoensis 0.05 0.77 0.29 0.9
A. kamchatkensis 0.04 0.38 1.47 0.9
A. ﬂavithermus 0.02 0.54 0.55 0.9A. pushchinoensis 0 2.25 0 0.93
A. kamchatkensis 63.20 3.19 7.86 0.90
A. ﬂavithermus 176.25 0 11.75 0.95
3.3. Scaling-up of the decolorization process
The results obtained at the bioreactor scale and plotted in Fig. 4
are in accordance with previous experiments in shake ﬂasks, as the
elevated levels of dye degradation are relatively fully maintained.
Although the particular hydrodynamic setting in the bioreactor
can lead to limitations in the suitable operation ranges, the con-
ditions proposed in this process permit successfully approaching
the scaling-up of the biological treatment without signiﬁcant oper-
ational problems.
ion of the isolates from Galician thermal springs in bioreactor cultures.
D0 (% Rem.) Dmax (% Rem.) D (h−1) R2
8 0.70 43.56 1.34 0.98
9 1.75 75.10 0.82 0.99
9 6.22 79.83 0.39 0.97
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gig. 4. Cellular growth (full symbols) and dye decolorization (%) (void symbols) in
, ). Symbols: experimental data; solid line: logistic model.
The decolorization degree and cell growth were ascertained
ith the logistic model detailed above. The ﬁtting parameters
btained fromtheexperimentaldataare listed inTable5. As shown,
he maximum speciﬁc growth rate was abruptly increased when
perating at bioreactor than in ﬂask cultures, which agrees with
he investigations performed by Deive [58]. Additionally, the max-
mum decolorization attained was quite similar to those yielded
n ﬂask cultures, except in the case of A. pushchinoensis, where a
eduction of 30% was recorded. Furthermore, analysis of the data of
iomassanddecolorizationpercentage ledus to thehypothesis that
he dyewas being co-metabolisedwith the complex organic source
peptone and yeast extract). Two opinions have been argued for
any years in relation to the roles of dyes in biological processes:
ne deems that dyes are not carbon sources, whereas another
eems the contrary, and the variability is explained in terms of the
ifferentmicrobial characteristics involved [59,60]. Our results also
how that a certain concentration of carbon source (such as yeast
xtract or peptone) was necessary for the decolorizing process. The
ffects of some other carbon sources on bacterial decolorization
erformance have been studied. Lactate, peptone, succinate, yeast
xtract, and formate enhance decolorization, whereas sucrose and
extrin have lower decolorization activities [61].
In summary, the inﬂuence of the operating conditions in a
ubble bioreactor together with the characteristics of the microor-
anisms are determining factors in the development of theactor cultures: A. puschinoensis (, ©), A. kamchatkensis (, ), and A. ﬂavithermus
biological decolorization process. We conclude that the treatment
process in a bench-scale bioreactor proposed in this work has been
successfully developed.
4. Conclusions
This study reports a novel decolorization process by ther-
mophilic bacteria isolated from Spanish hot springs in aerobic
conditions. The promising results obtained from three isolated
thermophilic strains belonging to the Anoxybacillus genus (more
than 80% decolorization in less than 12h) led us to develop
the process at the bioreactor scale. A deeper examination of the
biological-process kinetics allowed us to analyse the inﬂuence of
operational variables and selected strains on the decolorization
percentage, and it also allowed us to classify the decolorization as
primarily based on biomass or growth rate.
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at bioreactor scale was pursued in this work. The bacteria Pseudomonas stutzeri CECT 930 was investi-
gated for the ﬁrst time as an alternative agent for MWF degradation. An adequate medium design and
mixing and aeration system, as well as an appropriate microorganism proved to be crucial for reaching
high levels of degradation by P. stutzeri and by an indigenous consortium (about 70% and 50% of reduction
in total petroleum hydrocarbon content in less than 2 wk, respectively). Additionally, as there is no infor-
mation in literature trying to kinetically characterize an MWF-polluted efﬂuent degradation process, all
the experimental data were ﬁtted to logistic and Luedeking and Piret models, that allowed to elucidate
the growth-associated character of the biodegradation process.
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Metal working ﬂuids (MWFs) are employed in different manu-
facturing facilities (including automotive engine, transmission
and stamping plants) in machining processes such as turning,
grinding, boring, tapping, threading, gear shaping, reaming, mill-
ing, broaching, drilling, hobbing, and band and hack sawing. They
serve for cooling of work piece and tool, lubricating the process,
and ﬂushing away chips, ﬁnes, swarf, and residues. This kind of ﬂu-
ids allows a diversity of advantages such as increasing tool life, im-
prove part quality, licensing faster manufacturing, and preventing
corrosion. From a life cycle perspective, the use of MWF can also
reduce environmental impacts of tools by reducing the rate of
consumption (Skerlos et al., 2008).
MWF can be divided into two main categories: oil-based and
water-based. Oil-based MWF are the straight and soluble oils,
and the water-based are the synthetic and semi-synthetic oils.
The latter ones are the most commonly used in engineering appli-
cations, thus resulting in a huge amount of organic chemicals in
the MWF wastewater (Glenn and van Antwerpen, 2004).
Environmental concerns and health safety have favoured more
tightening regulations of MWF disposal. The European Union
Water Directives (2000/60/EC) and (2000/76/EC) have provided a
framework that list and identify actions to be taken in order to
minimize the impact on the environment and to reduce thell rights reserved.
+34 986 812380.negative effect of a typical treatment such as incineration.
Consequently, it establishes a threshold in the amount of spent
MWF that can be disposed of by incineration (Cheng et al., 2005).
This obviously furthers the investigation of more environmentally
sustainable, efﬁcient and economical alternatives.
There is a diversity of methods of MWF wastewater treatment,
which can be classiﬁed as chemical, physical and biological (Kim
et al., 1994; Portela et al., 2001; Ji et al., 2004; Muszynski et al.,
2007; Kobya et al., 2008; Anderson et al., 2009). However, one dif-
ﬁculty faced in the treatment of a MWF-containing wastewater is
that the exact composition of the oils cannot be determined be-
cause substances of 85–95% purity are used (Rabenstein et al.,
2009). Furthermore, one single MWF can contain up to 60 different
components, including emulsiﬁers as fatty alcohols or amino alco-
hols, corrosion inhibitors (fatty acids, amines and borates), ex-
treme pressure additives, foaming inhibitors and biocides, and
the percentages of each compound are usually trade secrets of
the MWF-manufacturers.
In the early 1990s, just a few biological treatments were used,
and the dominant disposal methods were chemical and physical
processes, for instance, adding chemicals or polymers, and using
ultraﬁltration and evaporation (Burke, 1991). Almost all tech-
niques used (except incineration and biologic treatment) do not
ultimately solve the problem of safe removal of MWF-constituents,
and more than twomethods are usually required to reach high efﬁ-
ciencies (Muszynski et al., 2007). Nowadays, the biological meth-
ods are extensively recognized as being able to offer the most
cost-effective option for organic matter removal, and therefore
used for MWF wastewater treatment. The analysis of microbiota
F. Moscoso et al. / Chemosphere 86 (2012) 420–426 421thriving in MWF allowed concluding that Pseudomonas is the
most representative genus, with more than seven species
present. Among them, Pseudomonas ﬂuorescens, Pseudomonas
putida and Pseudomonas stutzeri were frequently isolated/detected
(Muszynski et al., 2007; Saha et al., 2010).
In this work, a biological method to degrade a MWF-containing
efﬂuent was evaluated with the aim to achieve high degradation
levels at bioreactor scale. Therefore, aspects such as obtaining
indigenous consortia from spent MWFs, comparing the process
conditions in plate and ﬂasks with an axenic culture (P. stutzeri),
and studying an appropriate cultivation medium, were tackled
prior to investigate the process at bioreactor scale, and achieving
high degradation values in a real MWF.2. Materials and methods
2.1. Microbiological media
Different microbiological media describe below were used for
carrying out this work. In all cases, the media were autoclaved
for 21 min at 121 C prior to their use. The composition was as fol-
lows (in g L1): LB: casein peptone 10, yeast extract 5, NaCl 10, pH
7.2 (Kyohara et al., 1982); LB solidiﬁed with agar (15 g L1); PS (in
g L1): yeast extract 2, meat extract 1, casein peptone 5, NaCl 5, pH
8, as indicated by the Spanish Type Culture Collection, PS solidiﬁed
with agar (15 g L1); PS50: 50% concentration PS medium; MM (in
g L1): NaNO3 3.64, KH2PO4 0.29, pH 8 (Taylor and Freestone,
2001); spent MWF: real degreasing bath, no data of composition.
2.2. Metal working ﬂuids used
The MWF used in this work has the commercial name Rhenus
FFS, and it was supplied by Rhenus Lub SA (Spain). It was chosen
because of its inherent recalcitrance. Such recalcitrance would
pose a problem during biological waste treatment processes, so
this kind of MWF was selected as a model to represent those
MWF-polluted efﬂuents that are difﬁcult to be biologically treated.
Different compounds make up this ﬂuid (pH 9.3; density at
20 C = 0.96 g mL1; viscosity at 20 C = 160 mm2 s1; main com-
ponents: 50% of synthetic oils, emulsiﬁers and corrosion inhibitors)
but due to commercial sensitivities the precise identity of the com-
ponents and compositions cannot be revealed. This oil was added
at the beginning of the cultures performed at ﬂask and bioreactor
scale, at the concentrations detailed in the manuscript.
Additionally, 13 samples stored in sterile glass tubes with screw
tops were collected from different real spent MWFs (containing
cutting oils, detergents, metal particles, etc.), provided by several
metal sector industries in Galicia (Northwestern Spain). They were
used for sampling, subsequent indigenous consortium obtaining,
and also for the degradation studies at bioreactor scale.
2.3. Microorganism
The bacteria P. stutzeri CECT 930 was obtained from the Spanish
Type Culture Collection (ATCC 17588), and incubated in plates con-
taining solidiﬁed PS medium at 26 C for 5 d. Proliferation cultures
were carried out in 250-mL Erlenmeyer ﬂasks containing 50 mL of
PS medium, which served as inoculum for bioreactor cultures.
The consortia were obtained by inoculation of the 13 samples
(previously mentioned) in plates containing solidiﬁed LB medium.
The plates were incubated for 5 d at the selected temperatures.
Afterwards, they were inoculated in ﬂasks with LB medium at dif-
ferent pH and temperatures (Table 1), in order to screen for the
consortia with higher resistance to harsh conditions (similar to
those existing in real spent MWFs). Proliferation cultures werecarried out in 250-mL Erlenmeyer ﬂasks containing 50 mL of LB
medium, which served as inoculum for bioreactor.
2.4. Biodegradation experiments
2.4.1. Flask scale
Flask cultures were used during the ﬁrst stage of the biodegra-
dation test, since they allow evaluating more easily the possible
degradation potential of the isolated consortia, as a prior step to
the operation at bioreactor. First of all, 250 mL-ﬂasks capped with
cellulose stoppers, and containing 50 mL of LB medium, with MWF
concentrations between 1% and 3%, and Tween 80 concentrations
between 0% and 3%, at given pH were inoculated with the consortia
obtained and then maintained in an orbital shaker at 150 rpm and
50 C for 2 wk. Samples were taken out at regular intervals in order
to ease biomass, total petroleum hydrocarbons (TPH) and pH
monitoring.
P. stutzeri was cultivated in ﬂasks containing PS medium in the
same conditions described above to the consortia.
2.4.2. Bioreactor cultures
Batch cultivations were performed in a 5-L stirred tank bioreac-
tor (Biostat B, Braun, Germany), containing 3 L of medium, operat-
ing with pH control. Different media were used, ranging from rich
and mineral ones to a spent MWFmedium, as indicated previously.
First of all, a set of batch bioreactors was investigated in order to
deﬁne the most appropriate basal medium for carrying out the bio-
logical reaction. Thus, PS, MM and PS50 medium, containing 0.5%
of fresh MWF, were investigated. Secondly, two levels of fresh
MWF (0.5% and 1%) were compared in bioreactors containing
PS50 medium. The last set of bioreactors differed in the microor-
ganism and culture medium used: P. stutzeri and indigenous con-
sortia cultivated in a 50:50 mixture of spent MWF and PS50
medium. In all cases the bioreactors operated at 300 rpm, with
an airﬂow of 0.5 L min1, at 50 C and pH control at 8.8 for about
2 wk.
The reactors were inoculated once at the beginning of the cul-
ture, with actively growing cells from ﬂask cultures (3% v/v) at
0.28 g L1 concentration. Samples were taken at regular times in
order to ease the monitorization of pH, biomass and TPH content.
A control reactor (‘‘non-inoculated’’) was operated along with the
inoculated ones. All cultures were repeated to check the reproduc-
ibility of the experimental results and samples were analyzed in
triplicates. The values in the ﬁgures and tables correspond to mean
values with relative standard deviation lower than 15%.
2.5. Analytical methods
2.5.1. Biomass determination
Cells were harvested by centrifugation (10 min, 5000g) and
suspended in distilled water for biomass determination. Biomass
concentration was measured by turbidimetry at 600 nm and the
obtained values were converted to g cell dry wt. L1 using a
calibration curve.
2.5.2. TPH analysis
After culture centrifugation, the supernatant was reserved for
pH and TPH measurements. Prior to TPH measurement, Liquid–
Liquid Extraction was performed in a 250 mL-decanting funnel
using carbon tetrachloride as solvent according to a the US Envi-
ronmental Protection Agency standard protocol (EPA 418.1, 413.2).
TPH was chosen, among the possible existing ways to assess
biological degradation, since it is considered to be the most repre-
sentative one to measure the clean up of an efﬂuent containing this
type of MWF. TPH content has been monitored throughout the cul-
tures, in order to assess the viability of the biological process as a
Table 1
Growth capabilities of obtained consortia and P. stutzeri.
Temperature (C) pH 7 pH 8 pH 9
30 42 46 50 30 42 46 50 30 42 46 50
Consortia
A1 ++ ++ ++ ++ ++ ++ ++ ++ ++ + + +
A3 ++ ++ ++ ++ ++ ++ ++ ++ 0 0 0 0
A5 ++ ++ ++ ++ ++ ++ ++ ++ ++ + + +
A6 ++ ++ ++ ++ ++ ++ ++ ++ ++ + + +
O1 ++ ++ ++ ++ ++ ++ ++ ++ 0 0 0 0
O2 ++ ++ ++ ++ ++ ++ ++ ++ 0 0 0 0
C3 ++ 0 0 0 0 0 0 0 0 0 0 0
C4 ++ 0 0 0 ++ 0 0 0 0 0 0 0
C5 ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
P. stutzeri ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++
++, Good growth; +, Growth detected; 0, No growth.
Table 2
MWF content, biomass concentration and TPH degradation of P. stutzeri in ﬂask
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the method described by Ivancev-Tumbas et al. (2004).
Fourier Transform Infrared spectra were recorded using a Jasco
4100 spectrometer instrument equipped with a DTGS detector as
the average of 32 scans at 4 cm1 resolution. The system was man-
aged by Thermo Nicolet OMNIC software (v 7.3).
2.6. Mathematical models
The cellular growth was modeled through ﬁtting the experi-
mental results to a logistic equation (Eq. (1))
X ¼ Xmax
1þ e ln
Xmax
X0
1
 
lt
h i ð1Þ
where X is the biomass (g L1) at a speciﬁc moment of the culture
time t (h), X0 and Xmax (g L1) are the initial and maximum biomass
concentrations and l the maximum speciﬁc growth rate (h1).
TPH data were also modeled to a logistic equation in which D is
the TPH content reduction percentage (%) at a speciﬁc moment of
the culture time (t), D0 and Dmax the initial and maximum TPH con-
tent reduction percentage (%), and lD the maximum speciﬁc degra-
dation rate (h1).
D ¼ Dmax
1þ e ln
Dmax
D0
1
 
lDt
h i ð2Þ
The degradation degree was modeled as a function of the
growth rate and the biomass as can be seen in Eq. (3):
D ¼ D0 þmX0 e
lt
1 X0Xmax
 
ð1 eltÞ
h i 1
8<
:
9=
;
þ n Xmax
l
 
ln 1 X0
Xmax
 
ð1 eltÞ
 
ð3Þ
This algorithm allows us to deﬁne the degradation efﬁciency as
a function of a ‘‘growth-associated parameter’’ (m), or/and a ‘‘non-
growth associated’’ parameter (n).cultures with PS medium.
% MWF % Tween 80 Biomass (g L1) % TPH degradation
1 0 0.25 ± 0.01 19 ± 3.5
1 1 0.24 ± 0.02 18 ± 1.2
2 0 0.16 ± 0.00 20 ± 5.9
2 2 0.23 ± 0.03 18 ± 2.3
3 0 0.28 ± 0.01 26 ± 5.1
3 3 0.28 ± 0.03 25 ± 5.53. Results and discussion
3.1. Screening of microbial agents for biodegradation of MWF
Several metal manufacturing companies in Galicia (Northwest
Spain) were considered for sampling. 13 samples were collected
and stored in sterile glass tubes with screw tops. From agar platecultures in LB medium 9 indigenous consortia with potential
degrading capacity were obtained.
The physiological study of indigenous consortia and knowledge
of their stress adaptation and tolerance mechanisms should be of
great interest in regard to their potential use as agents for MWF
degradation. The implementation of an effective and efﬁcient deg-
radation process will then require the use of microorganisms able
to thrive in the extreme conditions existing in spent MWFs. These
ﬂuids contain a mixture of chemicals, such as metal particles, oxi-
des, detergents and cutting oils, which make it difﬁcult to be de-
graded by biological means.
All the consortia were then transferred to ﬂask cultures with LB
medium, in different conditions of pH and temperature, and the re-
sults obtained are presented in Table 1. It can be seen that all the
consortia show good growth at pH 7 and 30 C. However, the oper-
ation at conditions more similar to those existing in a degreasing
bath containing the spent MWFs (50 C and pH 9) involves a drastic
reduction in the growth of the different consortia. This fact allows
one to conclude that most of the strains keep dormant under the
harsh conditions existing in the degreasing bath. A visual inspec-
tion of the cultures obtained allows to tentatively conclude that
the consortia were made up of bacteria, and further work aiming
at identifying the microbial population (through 16S RNA sequenc-
ing) will help to elucidate which species play a decisive role in
MWF degradation. In fact, extreme environments have long been
considered to be populated mostly by prokaryotic organisms
(Gunde-Cimerman et al., 2009).
The dominant group of bacteria found in MWF-contaminated
efﬂuents belongs to the genus Pseudomonas, such as P. ﬂuorescens
and species belonging to the mendocina sublineage (Lee and
Chandler, 1941; Rossmoore, 1995; van der Gast et al., 2001; Gilbert
et al., 2010). For this reason, P. stutzeri, a strain from the Spanish
Type Culture Collection, was also chosen as model allochthonous
strain to assess the viability of a MWF-remediation process using
an axenic culture. As can be observed in Table 2, the cultivation
Table 3
Fitting parameters of the logistic and Luedeking and Piret models obtained for the MWF degradation process by P. stutzeri in PS, MM and PS50 medium with 0.5% and 1% of MWF
in a stirred tank bioreactor operating at 300 rpm, 0.5 L min1, pH 8.8 and 50 C.
Medium Biomass parameters MWF degradation parameters Luedeking and Piret parameters
MWF content (%) Code X0 (g L1) Xmax (g L1) l (h1) RMSD D0 (%) Dmax (%) lD (h1) RMSD D0 (%) m (% L g1) n (% L g1 h1) RMSD
0.5 PS 0.055 0.662 0.035 0.018 2 16. 0.023 1.089 1 19.0 0.02 1.041
0.5 MM 0.002 0.140 0.047 0.005 3 26 0.020 2.002 3 99.1 0.27 2.300
0.5 PS50 0.001 0.106 0.091 0.007 5 48 0.017 3.124 0 197.8 0.85 2.786
1 PS50 0.018 0.754 0.038 0.021 2 59 0.027 2.992 3 50.4 0.11 2.039
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showing a good resistance to survive in the conditions existing in a
spent MWF.
Taking into account the results obtained, C5 consortium and P.
stutzeri were selected as indigenous and allochthonous microbial
agents, respectively, to approach the MWF-contaminated efﬂuent
degradation at ﬂask and bioreactor scale.3.2. Biodegradation experiments at ﬂask scale
First of all, the consortium C5 was inoculated in ﬂasks contain-
ing LB medium and different concentrations of MWF.
The experimental data (not shown) allowed concluding almost
no MWF degradation. It must be taken into account that the culti-
vation at ﬂask scale involves a triphasic system with solid cells,
aqueous cultivation media, and organic metalworking ﬂuid, which
can lead to a deﬁcient mixture and oxygen transfer and conse-
quently, to poor levels of biodegradation. For that reason, the
hypothesis that a better degree of mixing and aeration could lead
to higher levels of degradation should not be discarded, and the
operation at bioreactor could provide a completely different hydro-
dynamic setting licensing to improve the performance of the reme-
diation process.
Moreover, the operation at ﬂask scale with culture medium
containing a spent MWF, involved drastic ﬂuctuations of pH values
(higher than 9). This fact caused microbial growth inhibition,
which could explain the problems faced related to the degradation
behavior of the consortium. Therefore, the operation in bioreactor
could be a valuable tool to render possible the pH control.
Additionally, the cultivation of P. stutzeri was also approached
at ﬂask scale in different combinations of fresh MWF and a model
surfactant concentrations, as shown in Table 2. A possible way of
enhancing the bioavailability of organic contaminants is the appli-
cation of surface active compounds. However, the data presented
in Table 2 allow concluding that no amelioration is obtained in
the biological process when the surfactant Tween 80 is added to
the culture medium. In all cases, biomass levels around 0.25 g L1
and TPH reduction of about 20% is obtained, no matter the surfac-
tant was added to the culture medium nor the concentration of
MWF used.
There is a diversity of behaviors reported on the role of surfac-
tants in the biological remediation of organic contaminants. For
example, in agreement with the results presented in this paper,
some investigators have reported either no effect or inhibitory
action (Laha and Luthy, 1991, 1992; Guha et al., 1998). Potential at-
tempts to explain this fact include surfactant toxicity to the micro-
organism as a result of reduced surface tension or unfavorable
interactions between surfactant functional groups and microbial
membranes (Aronstein et al., 1991; Mosche and Meyer, 2002;
Deive et al., 2009a) or preferable microbial uptake of surfactants
as substrate (Laha and Luthy, 1991, 1992; Madsen and Kristensen,
1997; Bardi et al., 2000). Based on the data reported by Bautista
et al. (2009) for metabolic utilization of Tween 80 as carbon source,
it is possible to hypothesize that this compound is being used assubstrate, explaining in this way the absence of a beneﬁcial effect
of the surfactant in the degradation process.
3.3. Biodegradation experiments at bioreactor scale
The low levels or absence of degradation obtained at ﬂask scale
were explained in terms of the existence of a deﬁcient mixing of
the culture medium (as it could be visually concluded) and a pos-
sible stress response due to the extreme pH values. Therefore, the
operation at bioreactor scale could help furthering the turbulence
and in turn, the mass transfer, at the same time that allows the
pH control of the biological process.
As little degradation levels were obtained at ﬂask scale by using
P. stutzeri, this microorganism was used for studying the process at
bioreactor scale. The ﬁrst step was to investigate the effect of three
different media to carry out the biological degradation, as already
explained in Section 2.
Additionally, as modeling the microbial growth and degradation
can be an efﬁcient tool to have a better understanding of the rela-
tionship between MWF degradation and the biomass production,
an approach to quantitatively ascertain the basic parameters
describing the biological process was carried out. Kinetic microbial
modeling possesses a particular importance and a practical signif-
icance in predictive microbiology, since it facilitates the control of
the biological process, and allows anticipating the microbial re-
sponses to certain environmental conditions. The cellular growth
and TPH reduction data were adequately modeled through ﬁtting
the experimental results to the logistic equations described in
Section 2 (Eqs. (1) and (2)). The values of the parameters obtained
are presented in Table 3, and the models are graphically repre-
sented in Fig. 1, together with the experimental data. From the re-
sults it can be stated that the use of a rich medium (PS) involves
levels of growth six times higher than the other alternatives
(MM and PS50), which show similar values of biomass. However,
in all cases the speciﬁc growth rate is more than 10-fold lower than
the values reported by Becker et al. (1997) and Deive et al. (2009b)
for other bacteria growing in lab-scale bioreactors.
In relation to the TPH content reduction, the shape of the curves
is quite similar to those obtained for the biomass, obtaining very
good ﬁttings to a logistic model. The parameters obtained from
the ﬁttings are also shown in Table 3 and graphically represented
in Fig. 1. It is possible to check that the rich medium is the one
involving the lowest levels of biodegradation, and the reduction
of the concentration to one half, allows achieving up to 48% of
TPH reduction. The reason can be that compounds more easily
degradable (peptone, yeast and meat extract) are being utilized
by the microorganism, instead of the more persistent MWF compo-
nents. Additionally, as also observed previously with the speciﬁc
growth rate, the speciﬁc degradation rates obtained are much low-
er than those reported by Deive et al. (2010) for the bacterial deg-
radation of a dye-polluted efﬂuent.
In this case, more information can be obtained by applying the
model reported by Marqués et al. (1986), described in detail in the
materials and methods section (Eq. (3)). The data obtained are pre-
sented in Table 3. It seems clear that the biodegradation process is
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Fig. 1. Biomass concentration and TPH content reduction in bioreactor cultures (at
300 rpm, 0.5 L min1, pH 8.8 and 50 C) of P. stutzeri containing 0.5% of MWF
(95 lg L1): (s) PS Medium; (h) MM Medium; (4) PS50 Medium. Experimental
data are represented by symbols and logistic model by solid lines.
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Fig. 2. Biomass concentration (void symbols) and TPH content reduction (full
symbols) in bioreactor cultures (at 300 rpm, 0.5 L min1, pH 8.8 and 50 C) of P.
stutzeri in PS50 medium: (s, d) 0.5% of MWF (95 lg L1); (h, j) 1% of MWF
(197 lg L1). Experimental data are represented by symbols and logistic model by
solid lines.
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Fig. 3. Biomass concentration and TPH content reduction in bioreactor cultures (at
300 rpm, 0.5 L min1, 201 lg L1 of initial TPH content, pH 8.8 and 50 C) of P.
stutzeri (s) and consortium C5 (h) in spent MWF and PS50 medium (50:50).
Experimental data are represented by symbols and logistic model by solid lines.
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more than 3 orders of magnitude higher than n. This behavior was
also reported in other biological processes such as the production
of lipases or the degradation of organic compounds (Rajendran
and Thangavelu, 2009; Deive et al., 2010).
The ﬁnal aim of this work is to reach a viable biological process
to degrade a real MWF efﬂuent, and since the concentrations used
of MWF could vary between 0.1% and 1%, the next step was to carry
out the biological reaction in a medium containing 1% of MWF, in
order to be compared with the biological process in a reactorcontaining PS50 medium (the one that led to higher levels of
degradation).
From the data depicted in Fig. 2 and Table 3, it is clear that the
use of higher levels of MWF not only does not reduce the efﬁciency
of the process, but also involves an increase in biomass levels and
TPH reduction, in seven times and 20%, respectively. In the same
way, higher levels of oil degradation with increased amounts of
oil in a waste efﬂuent were reported by Domínguez et al. (2010)
when studying a biodegradation process by the microorganism
Yarrowia lipolytica. Furthermore, from the data presented in Table
3, it can be checked that, although some variations are observed
(‘m’ for 0.5% and 1% is equal to 198 and 50, respectively, and ‘n’ –
0.85 and 0.11, respectively), a great dependence from the bio-
mass-related parameter is again observed.
Another aspect that was checked in this research work was to
know if 3% of inoculum was an adequate value for achieving high
levels of degradation. The results (data not shown) allowed con-
cluding that the use of higher amounts of inoculum did not result
in any beneﬁt in the degradation process, while a non-inoculated
bioreactor led to the absence of TPH reduction. Therefore, 3% of
inoculum was selected for next operations.
Once it was demonstrated that a correct medium design al-
lowed improving MWF degradation levels from 16% to about
60%, the process was carried out with a spent MWF mixed with
PS50 medium (50:50), in order to provide a minimum amount of
nutrients rendering possible the growth of the microorganism. In
this case, no sterile conditions were used, in order to imitate the
real conditions of the process as much as possible.
In parallel with this, the indigenous consortium C5 was also
evaluated in order to compare its degradation potential with that
provided by the allochthonous strain P. stutzeri. As in previous
experiments, all the experimental data were adequately ﬁtted to
Table 4
Fitting parameters of the logistic and Luedeking and Piret models obtained for the MWF degradation process by P. stutzeri and consortium C5 in PS50 and spent MWF medium, in
a stirred tank bioreactor at 300 rpm, 0.5 L min1, pH 8.8 and 50 C.
Microorganism Biomass parameters MWF degradation parameters Luedeking and Piret parameters
X0 (g L1) Xmax (g L1) l (h1) RMSD D0 (%) Dmax (%) lD (h1) RMSD D0 (%) m (% L g1) n (% L g1 h1) RMSD
P. stutzeri 0.065 0.762 0.011 0.028 4 71 0.016 3.753 4 109.0 0.00 4.382
Consortium C5 0.053 0.641 0.023 0.037 4 49 0.010 2.492 1 20.4 0.13 1.494
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ically presented in Fig. 3 and also listed in Table 4. It can be ob-
served that the operation with P. stutzeri was successfully
developed in a stirred tank bioreactor, reaching more than 70% of
degradation and more than 0.7 g L1 of cell concentration in less
than 2 wk of cultivation, which conﬁrms the validity of the strategy
followed and ensuring the viability and efﬁciency of this biological
remediation process. At the same time, it was also proved that the
operation with the consortium C5 at bioreactor scale, allowed
reaching almost 50% of degradation, contrarily to what happened
at ﬂask scale.
The higher potential of a single isolate than a consortium to
remediate organic-polluted efﬂuents was also recently demon-
strated by Deive et al. (2010) when using bacteria obtained from
thermal springs to degrade the dye Reactive Black. Although the
comparison of the results obtained with similar literature data is
difﬁcult since the composition of MWF is not usually speciﬁed,
there are some representative examples that can be considered
similar to those used in this work, and show different operation
modes, degradation times, and remediation values. For instance,
Muszynski and Lebkowska (2005) investigated the treatment of a
MWF wastewater efﬂuent in a bioreactor operating with immobi-
lized bacteria in a sequencing batch bioreactor in 5 cycles. The
duration of the ﬁrst as well as the ﬁfth cycle was 21 d while the
duration of each of the second, third and fourth cycles was 14 d.
Each cycle consisted of an anoxic phase (0.5 h in duration) and
an aerobic phase (5.5 h in duration), which repeated continuously
one after the other throughout each of the cycles and they regis-
tered about 95% of TPH content reduction at the end of the 5th cy-
cle. In the same way, Connolly et al. (2006) obtained lower results
of degradation (34% in 2 wk) when studying a hybrid physico-
biological approach to waste treatment of a spent MWF, although
the different methods used to follow the biodegradation do not
allow to make further comparison with this work.
Finally, it is demonstrated the growth-associated character of
the degradation process both in the indigenous consortium and
in the P. stutzeri cultures. All the abovementioned conﬁrms the
relevance of this biological process as an efﬁcient way to degrade
MWF-polluted efﬂuents, and the modeling allowed characterizing
for the ﬁrst time this kind of remediation process.Acknowledgements
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a b s t r a c t
Polycyclic aromatic hydrocarbons (PAHs) are among the most persistent pollutants that accumulate in
natural environment mainly as a result of anthropogenic activities. Therefore, the improvement of the
available bank of microbial resources and information is crucial to the proper management of PAHs-pol-
luted sites and efﬂuents. In this work, Pseudomonas stutzeri CECT 930 was selected for aerobically degrad-
ing an aqueous efﬂuent containing phenanthrene (PHE). Maximum PHE degradation of 90% was obtained
both at ﬂask and stirred tank bioreactor scale. All the experimental data were ﬁtted to logistic and Luede-
king and Piret models, and licensed to quantitatively ascertain a stronger dependence on the biomass of
the metabolites triggering the bioremediation process. In addition, PHE degradation via protocatechuate
pathway was elucidated through GC–MS data. Finally, based on the promising results of biodegradation, a
preliminary economic evaluation of this process at industrial scale was approached by means of simula-
tion data obtained with SuperPro Designer.
 2011 Elsevier Ltd. All rights reserved.
1. Introduction
Nowadays, there is an increasing concern about the presence of
polycyclic aromatic hydrocarbons (PAHs) in the environment.
PAHs are known to be highly toxic, mutagenic, genotoxic and car-
cinogenic to living organisms, thus representing considerable envi-
ronmental risks (Zhong et al., 2011; Simarro et al., 2011). These
compounds are common pollutants consisting of two or more
fused aromatic rings, which originate both from anthropogenic
and natural sources, such as the incomplete combustion of fossil
fuels or municipal solid waste incineration, and forest and range-
land ﬁres (Zhao et al., 2009).
The presence of PAHs in the environment has been monitored
since the 1970s by the US Environmental Protection Agency
(USEPA) and 16 PAHs have been deﬁned as priority pollutants.
They form a subset of ‘‘toxic pollutants’’ including, for example,
naphthalene, phenanthrene (PHE) and anthracene (Bautista et al.,
2009).
It has been long known that this type of compounds are persis-
tent in the environment due to their physicochemical properties,
which include very low aqueous solubility and vapor pressure,
high hydrophobicity (high logPow), high adsorption coefﬁcient
and high thermodynamic stability of the aromatic ring (Cao
et al., 2009) that makes them to be weakly bioavailable. Besides,
increased molecular weight involves lower solubility in water,
lower vapor pressure, and higher melting and boiling points
(Haritash and Kaushik, 2009), so they cannot degrade easily under
natural conditions.
Therefore, due to PAHs persistence in the environment different
technologies have been explored during the last decades. These
methods have been classiﬁed into three main categories, physical
(volatilization, photolysis, adsorption, electroremediation, ﬁltra-
tion), chemical (chemical oxidation, photocatalysis, coagulation–
ﬂocculation) and biological (biosorption or biodegradation), being
the latter the most cheap, environmentally friendly and effective
way to decontaminate soils and efﬂuents (Kim and Lee, 2007;
Janbandhu and Fulekar, 2011). Nevertheless, the efﬁciency of PAHs
biodegradation is limited mainly because of their poor bioavail-
ability, which declines along with the increasing number of aro-
matic rings (Kanaly and Harayama, 2000). Generally speaking,
the biodegradation process depends on the number and type of
microorganisms used (bacteria or fungi), nature and chemical
structure of the pollutant and on the environmental conditions
(Haritash and Kaushik, 2009; Stapleton et al., 1998). Usually, the
biodegradation pathways involve the breakdown of organic com-
pounds through biotransformation into less complex metabolites
up to a complete mineralization into inorganic minerals, H2O,
CO2 (aerobic) or CH4 (anaerobic) (Cerniglia, 1992).
During the last years, a wide phylogenetic diversity of bacteria
from the genera Alcaligenes (Weissenfels et al., 1990), Arthrobacter
(Guo et al., 2008), Burkholderia (Kim et al., 2003), Pseudomonas
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(Chavez et al., 2004), Rhodococcus (Dean-Ross et al., 2002) and
Sphingomonas (Madueno et al., 2011), among others, have been re-
ported to be able to degrade PAHs (Seo et al., 2009). Very recent
works of our group have converged upon the idea that a single
strain was more efﬁcient than a consortium in the remediation
of dye and metal working ﬂuids-polluted efﬂuents (Deive et al.,
2010; Moscoso et al., 2011). More speciﬁcally, bacteria from the
genus Pseudomonas have been the subject of a great scientiﬁc
interest due to their efﬁcient capacity to degrade a wide range of
aromatic compounds from benzene to benzopyrene, which is con-
sidered to be one of the most carcinogenic and toxic PAHs by the
USEPA (Cao et al., 2009).
One typical drawback of bioremediation methods is the long
time of treatment, due to the low PAHs solubility in aqueous med-
ia. One way to overcome this problem is by adding surfactant com-
pounds, which increase solubility by decreasing the interfacial
surface tension between PAHs and the soil/water interphase.
Among the typical surfactants used, Tween 80 has been high-
lighted in many studies, as a non-toxic and efﬁcient alternative,
and it was even reported to act as carbon source in cultures of
Pseudomonas sp. (Bautista et al., 2009).
Taking into account the aforementioned, the study of a com-
plete bioremediation process of a PAH-polluted efﬂuent is ap-
proached in this work. To our knowledge, the bacterial strain
Pseudomonas stutzeri is used for the ﬁrst time to propose a viable
degradation treatment of PHE, selected as model PAH, at ﬂask
and bench-scale bioreactor. Moreover, based on the results of bio-
degradation, an economic evaluation of this process at industrial
scale will be approached by using simulation software.
2. Methods
2.1. Microorganism
Bacterium P. stutzeri CECT 930 was obtained from the Spanish
Type Culture Collection (ATCC 17588). P. stutzeri is a gram-
negative, rod-shaped and single polar ﬂagellated bacterium (Lalu-
cat et al., 2006).
2.2. Culture media
Minimal medium (MM) was composed of (g/L): Na2HPO42H2O
8.5, KH2PO4 3.0, NaCl 0.5, NH4Cl 1.0, MgSO47H2O 0.5, CaCl2
14.7  103. MM also contained trace elements as follows (mg/
L): CuSO4 0.4, KI 1.0, MnSO4H2O 4.0, ZnSO47H2O 4.0, H3BO3 5.0,
FeCl36H2O 2.0.
A medium speciﬁcally recommended for P. stutzeri by the Span-
ish Culture Type Collection (PS medium) was composed of (g/L):
yeast extract 1.0, meat extract 0.5, casein peptone 2.5 and NaCl 2.5.
Phenanthrene (PHE) used in biodegradations experiments was
purchased from Sigma–Aldrich (Germany). Relevant properties of
this compound have been summarized by Pazos et al., (2010).
Non-ionic surfactant, Tween 80, was supplied by Merck.
2.3. Biodegradation cultures
2.3.1. Flask scale
Submerged cultures were carried out in 250-mL Erlenmeyer
ﬂasks with 50 mL of medium containing 1% w/v of the non-ionic
surfactant Tween 80, and 2% v/v of acetone (used as solvent to pre-
pare the contaminant solution, due to its low solubility in aqueous
media). The ﬂasks, capped with cellulose stoppers, were inoculated
(3%) with previously obtained cell pellets, and incubated in the
darkness for 15 days at 150 rpm in an orbital shaker at 37 C, initial
pH 8.0, in accordance with the optimum conditions reported by
Zhao et al. (2009). Samples were withdrawn at different times to
monitor PHE biodegradation and cell density.
2.3.2. Bioreactor scale
The stirred tank bioreactor (Biostat B, Braun, Germany) con-
sisted of a jacketed glass column with 16 cm of internal diameter
and 36.5 cm high (working volume: 3 L). It was ﬁlled with the
medium described above containing 100 lM of PHE as the sole car-
bon and energy source. The temperature was maintained at 37 C
by circulation of thermostatted water, and the pH was adjusted
to 8. The bioreactor was inoculated with actively growing cells
from 24 h ﬂask cultures (3% v/v). Humidiﬁed air was supplied con-
tinuously at 0.17 vvm and samples were taken regularly during the
experimental period.
All cultures (shake ﬂask and bioreactor) were repeated to test
the reproducibility of the experimental results and samples were
analyzed in triplicate. The values shown in ﬁgures and tables cor-
respond to mean values with a standard deviation (S.D.) lower than
15%.
2.4. Analytical methods
2.4.1. Cell growth determination
Biomass concentration was measured by turbidimetry at
600 nm, and the obtained-values were converted to grams of cell
dry weight per liter using a calibration curve.
2.4.2. PHE analysis
PHE concentrations in the samples were determined by means
of an HPLC (Agilent 1100) equipped with an XDB-C8 reverse-phase
column (150  4.6 mm i.d., 5 lm). Prior to injection, the samples
were ﬁltered through a 0.45-lm Teﬂon ﬁlter. The injection volume
was set at 5 lL, and the isocratic eluent (40:60 acetonitrile/water)
was pumped at a rate of 1 mL min1 for 10 min. Detection was per-
formed with a diode array detector from 200 to 400 nm, and the
column temperature was maintained at room temperature.
In order to identify intermediate compounds formed during the
degradation process, aliquots of 5 mL were extracted twice with
5 mL of chloroform. The organic phase extractions were combined
and dried over with anhydrous sodium sulfate (Zhao et al., 2009).
1 lL of this organic phase was analyzed using an Agilent GC
6850 gas chromatograph equipped with a HP5 MS capillary col-
umn (30 m  250 lm ﬁlm thickness  0.25 mm, Agilent), operat-
ing with hydrogen carrier gas, coupled to an Agilent MD 5975
mass spectrometer (MS). The GC injector was operated in splitless
mode, 1 lL aliquots were injected using an autosampler; GC oven
was programmed to hold 50 C for 4 min, then raise the tempera-
ture by 10 C/min to 270 C, which was held for 10 min. PHE deg-
radation products were identiﬁed by comparison with the NISTS
search 2.0 database of spectra.
2.4.3. Adsorption test
PHE biosorption over the biomass was determined as follows:
1.5 mL of culture medium was centrifuged at 9300g and 4 C. After
removing the supernatant, biomass samples were washed and re-
suspended in methanol. Then, they were ﬁltered and PHE content
was determined by HPLC as previously detailed.
2.4.4. COD and pH measure
Chemical oxygen demand (COD) and pH were analyzed during
biodegradation experiments using a Lange cuvette test (LCK 114)
in a Hach Lange DR 2800and pH-meter (Jenway 3520),
respectively.
82 F. Moscoso et al. / Bioresource Technology 104 (2012) 81–89
Author's personal copy
2.5. Modeling
The experimental data were ﬁtted to the proposed equations
through SOLVER function in Microsoft EXCEL. Economic perfor-
mance was carried out from data obtained from the SuperPro De-
signer v6.0 (Intelligen Inc.).
3. Results and discussion
3.1. Biodegradation cultures at ﬂask scale
Two different alternative media, PS and MM supplemented with
PHE (100 lM) and Tween 80 (1%), were used as models of complex
and chemically deﬁned media, respectively. From the results (not
shown) it can be stated that the use of a rich medium (PS) involves
the lowest levels of growth (0.35 vs 0.65) and a rate of degradation
9 times lower than the other alternative (MM) at the same condi-
tions. Also, the introduction of a complex medium can lead to dif-
ﬁculties relative to growth modeling and data reproducibility, as
also reported by Hodges et al. (1980). Additionally, the use of a
chemically deﬁned medium bears more value in studying the min-
imal nutritional requirements and physiological characteristics of
any microorganism. Therefore, MM was chosen for further study.
The next step was to determine the minimum inhibitory con-
centration in cultures of P. stutzeri in MM at concentrations of
PHE between 0 and 2500 lM (maximum amount that can be solu-
bilized at the conditions employed in this work) and the data ob-
tained are shown in Fig. 1. As can be checked in this Fig.,
cultures carried out in MM without PHE allowed verifying that P.
stutzeri needs some carbon source to survive. As reported Lalucat
et al. (2006), this species of bacterium can grow diazotrophically,
and in minimal salts medium with ammonium ions or nitrate
and a single organic molecule, like PHE, as the sole carbon and en-
ergy source.
Kinetic microbial modeling possesses a particular importance
and a practical signiﬁcance in predictive microbiology, since it
facilitates the control of the biological process, and license to antic-
ipate the microbial responses to certain environmental conditions.
Hence, all the experimental data were ﬁtted to a logistic model (Eq.
(1)), where X is the biomass (g/L) at a speciﬁc moment of the cul-
ture time t (h), X0 and Xmax (g/L) are the initial and maximum bio-
mass concentrations and l the speciﬁc growth rate (h1):
X ¼ Xmax
1þ e ln
Xmax
X0
1
 
lt
h i ð1Þ
Fig. 1. Biomass concentration in ﬂask cultures of P. stutzeri in MM at 150 rpm and 37 C, and at different PHE concentrations: (d) 0 lM; (N) 100 lM; (j) 200 lM; () 400 lM;
(s) 690 lM; (h) 780 lM; (4) 1200 lM; (e) 2100 lM; (H) 2500 lM. Experimental data are represented by symbols and logistic model by solid lines. (B) Prediction of
experimental data by Haldane, Webb and Aiba models.
Table 1
Estimated values of parameters for various kinetic models deﬁning the growth of P.
stutzeri in cultures containing different concentrations of PHE.
Models Parameter Value
Haldane lmax (h1) 0.248
Ks (lM) 38.48
Ki (lM) 9840.23
R2 0.974
Webb lmax (h1) 0.248
Ks (lM) 38.26
Ki (lM) 9840.23
K (lM) 1,322,222.00
R2 0.974
Aiba lmax (h1) 0.255
Ks (lM) 43.90
Ki (lM) 9137.57
R2 0.969
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as can be seen in Fig. 1, the logistic model adequately ﬁts to the
experimental data (R2 > 0.950). The description of substrate biodeg-
radation can be better achieved by identifying an appropriate ki-
netic model correlating speciﬁc growth rate and PHE
concentration. Haldane, Webb and Aiba models have been widely
referred to in literature to describe microbial growth in the pres-
ence of inhibitory substrates (at higher concentrations):
Haldane model : l ¼ lmax  S
Ks þ Sþ S2=K i
ð2Þ
Webb model : l ¼ lmax  S  ð1þ S=KÞ
Ks þ Sþ S2=K i
ð3Þ
Aiba model : l ¼ lmax  S  e
ðS=K iÞ
Ks þ S ð4Þ
where Ks indicates the afﬁnity of biomass to substrate, Ki is the sub-
strate inhibition constant, K is the Webb constant, l is the speciﬁc
growth rate, lmax is the maximum speciﬁc growth rate and S is the
substrate concentration.
The coefﬁcients obtained from the correlation of the experi-
mental data along with the obtained regression coefﬁcients are gi-
ven in Table 1 and the corresponding theoretical data are plotted in
Fig. 1B.
Hence, in this case, the speciﬁc growth rate data were ﬁtted to
these models, and the values of the parameters of every model are
listed in Table 1, and graphically illustrated in Fig. 1B. It becomes
patent that all the models appropriately describe the experimental
data, and lead to very similar values of the parameters. Thus, in all
cases, maximum speciﬁc growth rate levels (lmax) are about
0.25 h1, similar to the values reported by Jegan et al. (2010) and
Deive et al. (2010) when studied naphthalene and a di-azo dye
degradation by Micrococcus and Anoxybacillus bacteria. In relation
to the saturation constant Ks the values obtained indicate very
low afﬁnity of biomass to substrate, since they are more than 2 or-
ders of magnitude lower than the values reported by Jegan et al.
(2010) and Nakhla et al. (2006), while the levels reported for the
inhibition constant Ki are about 6–50 times higher, maybe due to
the higher recalcitrance of PHE.
It can be also concluded that high levels of biomass and speciﬁc
growth rate are obtained within the range of concentrations where
PHE can be solubilized in the culture medium. Therefore, the next
step will be focused on analyzing the relationship between metab-
olites triggering PAHs degradation and the biomass production, by
quantitatively ascertaining the basic parameters describing the
biological process. The PHE removal proﬁles for the two alternative
media with lower concentration were studied, and very good ﬁt-
tings to a logistic model (Eq. (5)) were obtained:
D ¼ Dmax
1þ e ln
Dmax
D0
1
 
lDt
h i ð5Þ
where D is the PHE removal (%) at a speciﬁc moment of the culture
time (t), D0 and Dmax the initial and maximum PHE content reduc-
tion percentage, and lD the speciﬁc degradation rate. The values of
the parameters obtained are shown in Table 2.
It is interesting to highlight that the degradation levels after just
1 week of treatment in both cases (100 lM and 200 lM) are quite
similar and higher to 90%. These levels are more elevated than
those reported by Jacques et al. (2005) for PHE degradation by an-
other Pseudomonas species after 48 days in ﬂask cultures. The rea-
son for these differences can underlie in the increased
concentrations used by these authors (about 1400 lM). Following
this trend, the speciﬁc degradation rate (lD) in cultures containing
100 lM of PHE is 1.6 times higher than that obtained for cultures
carried out with 200 lM of PHE. This is not surprising, since usu-
ally biodegradability rates have been previously reported to be
strongly dependent on the concentration, as reported Deive et al.
(2011) for ionic liquid bioremediation.Furthermore, more informa-
tion can be obtained by applying the model reported by Marques
et al. (1986). In this case, the degradation degree is given as a func-
tion of the growth rate and the biomass as can be seen in Eq. (6):
D ¼ D0 þmX0 e
lt
1:0 X0Xmax
 
ð1:0 eltÞ
h i 1:0
8<
:
9=
;
þ n Xmax
l
 
ln 1:0 X0
Xmax
 
ð1:0 eltÞ
 
ð6Þ
This algorithm allows us to deﬁne the degradation efﬁciency as a
function of the growth rate (m = 0), a function of the biomass
(n = 0) or a function of both parameters (m– 0 and n– 0). The data
obtained are presented in Table 2. It becomes patent that the bio-
degradation process is more dependent on the biomass production,
since in all cases m is, at least, more than one order of magnitude
higher than n. This behavior was also reported in other biological
processes such as the production of lipases or the degradation of or-
ganic compounds (Deive et al., 2010; Rajendran and Thangavelu,
2009).
3.2. Biodegradation cultures at bench scale bioreactor
Taking into account the results achieved in ﬂask cultures, the
efﬁciency of the studied strain for the degradation of PHE at
100 lM concentration was assessed in a bench scale bioreactor.
Table 2
Growth and PHE biodegradation kinetic parameters deﬁning the logistic and Luedeking and Piret-type models in cultures of P. stutzeri at ﬂask scale.
Experiment Biomass parameters PHE degradation parameters Luedeking and Piret parameters
PHE (lM) X0 (g/L) Xmax (g/L) l(h1) R2 D0 (%rem) Dmax (%rem) lD (h1) R2 D0 (%rem) m (%rem/g) n (%rem/g/h) R2
100 0.073 0.708 0.138 0.93 1.487 92.351 0.038 0.99 1.22 9.41 0.77 0.98
200 0.036 0.632 0.243 0.96 1.846 99.325 0.024 0.99 0.060 5.98 0.533 0.96
Table 3
Growth and PHE biodegradation kinetic parameters deﬁning the logistic and
Luedeking and Piret-type models in cultures of P. stutzeri at bioreactor scale.
Biomass parameters
X0 (g/L) 0.010
Xmax (g/L) 0.557
l (h1) 0183
R2 0.918
PHE degradation parameters
D0 (%rem) 1.0
Dmax (%rem) 94.7
lD (h1) 0.186
R2 0.978
Luedeking and Piret parameters
D0 (%rem) 3.97
m (%remL/g) 121.21
n (%remL/g/h) 0.47
R2 0.975
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All the biomass and biodegradation data were adequately ﬁtted to
the logistic and Luedeking and Piret-type models shown in Eqs. (1),
(5), and (6), and the values of the parameters are listed in Table 3,
and can be visually observed in Fig. 2.
As can be concluded from the data shown, biomass parameters
are quite similar to those obtained in ﬂask cultures, and no differ-
ences are also observed in the Luedeking and Piret parameters,
with a stronger dependence of degradation on the biomass param-
eter m. However, some differences are detected in the
biodegradation parameters. Thus, the speciﬁc degradation rate is
5 times higher at bioreactor scale, possibly due to a higher bio-
availability of PHE as carbon source. In mechanically agitated bio-
reactors, the stirrer is the main gas-dispersing tool, and stirrer
speed and design have both a pronounced effect on mass transfer.
On the one hand, a high agitation furthers turbulence that leads to
a decrease in the thickness of the liquid layer on the gas/liquid
interface, minimizing the occurrence of possible stagnant zones
as well as mass transfer resistance. Furthermore, the mechanical
agitation increases the transfer area by forming small sized bub-
bles that are dispersed, increasing their residence time on the
Fig. 2. Biomass concentration and PHE degradation proﬁles in bioreactor cultures of P. stutzeri operating at 300 rpm, 0.17 vvm and 37 C. Symbols represent experimental
data and solid lines represent the ﬁttings to logistic models.
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liquid. Hence, these kind of systems license analyzing important
external factors affecting the performance of the biological process,
such as agitation and aeration, which are directly linked to opera-
tional problems such as shear stress, cavitation or foaming. In this
particular case, the operating conditions were selected on the basis
of a compromise between the avoidance of operational problems
such as foaming (as a consequence of the existence of the surfac-
tant Tween 80) and an adequate mass transfer of oxygen and
nutrients to the cells of the microorganism. The conditions used al-
low an advantageous bioprocess economy, because less time is re-
quired to reach maximum levels of biodegradation (in ﬂask
cultures, 7 days are required to achieve about 90% of PHE degrada-
tion, while at bench scale bioreactor, just 3 days are necessary to
reach the same percentage of removal). Actually, PHE biodegrada-
tion is a slow process, due to the hydrophobic nature of this kind of
pollutants. Thus, Trably and Patureau (2005) worked in a continu-
ous bioreactor at an hydraulic retention time of 20 days, to achieve
about 90% of PHE biodegradation, while Nasseri et al., 2010 needed
3 weeks to reach 87% of remediation in Pseudomonas cultures car-
ried out in a slurry phase bioreactor, which demonstrates the efﬁ-
ciency of the biological process tackled in this work. The promising
results of PHE biodegradation are also demonstrated by the COD
analysis, since 65% of reduction is recorded after 7 days of cultiva-
tion, as can be checked in Fig. 3.
Next, as several investigations have pointed out that contami-
nant removal is sometimes due to biomass sorption, it is compul-
sory to determine the percentage of PHE adsorbed on the
microorganism cells. Thus, results obtained after analyzing all
samples obtained from bioreactor cultures shown that less than
15% of PHE remained adsorbed on the biomass. These data are sim-
ilar to those reported by Sponza and Gök (2010) when studied
PAHs degradation in a waste water taken from a petrochemical
industry treatment plant. Probably, longer time of operation in
the biological process could lead to a decrease in the value of
PHE adsorbed to the biomass, since biodegradation of the contam-
inant usually includes a ﬁrst stage of adsorption to cell biomass
and a second stage which is the biodegradation itself. Therefore,
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Fig. 3. Chemical oxygen demand (COD) reduction during PHE bioremediation in
bioreactor cultures of P. stutzeri operating at 300 rpm, 0.17 vvm and 37 C.
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once the pollutant is depleted in the culture medium a decrease in
the amount of contaminant adsorbed to biomass should not be
discarded.
3.3. Identiﬁcation of PHE degradation pathway
The aforementioned results showed the great potential of P.
stutzeri for PHE degradation. In order to conﬁrm these results is
necessary to identify the metabolic PHE degradation pathway at
bioreactor scale, in the conditions described above.
Several research works have stressed the potential of Pseudomo-
nas species to aerobically degrade PHE, being oxygen the terminal
electron acceptor. Usually, the existence of mono and dioxygenases
eases the oxidative degradation, through two possible degradation
pathways: salycilate or protocatechuate (Lalucat et al., 2006). Both
of them share the same common upper route and are initiated by
the double hydroxylation of a PHE ring. As indicated, this reaction
is biocatalyzed by a dioxygenase enzyme, which incorporates two
atoms of molecular oxygen into the PHE moiety, leading to the pro-
duction of dihydrodiols. Then, dihydrodiols are dehydrogenated to
form dihydroxylated intermediates, which can ﬁnally be mineral-
ized (Pathak et al., 2008; Bamforth and Singleton, 2005).
The results of GC–MS analyzes demonstrated that P. stutzeri
completely degraded PHE through protocatechuate via, that has
been previously well documented (Seo et al., 2009; Zhang et al.,
2011). In this case, as shown in Fig. 4, the precursor of protocatech-
uate, diethylphthalate, conﬁrms that the degradation route follows
the protocatechuate via, instead of the salicylate one (Fig. 5). These
results are in contrast with the conclusions reported by Zhang et al.
(2011) who proposed that Pseudomonas putida NICB 9816 de-
graded PHE via salicylate route, thus conﬁrming the metabolic var-
iation from one species to another.
Additionally, the changes in GC–MS peak areas of the detected
intermediate during the biodegradation were also monitored and
the data obtained are shown in Fig. 4. The amount of diethylphat-
alate increased gradually, reaching the maximum levels at the
third day, and then decreasing until day 7. This proﬁle is similar
to those described by Tsai et al. (2009) for other intermediates de-
tected in PHE degradation by sulfate-reducing bacteria.
In summary, from the aforementioned, a complete mineraliza-
tion of PHE via protocatechuate pathway is concluded, and the
addition of intermediates as bioremediation promoters should
not be discarded, since it has been widely accepted that they can
enhance the intrinsic biodegradation rate of target compounds
(Gottfried et al., 2010).
3.4. Economic evaluation of a real-scale industrial plant
Once the viability of the biological process has been assessed,
the implementation of a process to remediate a 350,000 m3/year
efﬂuent from a metallurgical industry containing 100 lM of PHE
was approached and the ﬂowsheet diagram of the process is pre-
sented in Fig. 6. In order to do that, the SuperPro Designer v6.0
(Intelligen Inc.) simulator was selected, since it is one of the most
useful tools for technological processes of ﬁne chemical and bio-
chemical products. This software allows a set of advantages such
as the large database of chemical compounds and operation units,
the good performance of an economic evaluation speciﬁcally de-
signed for bioprocesses, as well as a simple and user-friendly inter-
face, which presents the information in a clear and concise manner.
For preliminary screening of the conceptual ﬂowsheet and in the
absence of detailed information, economic evaluation with Super-
Pro was thought to be sufﬁcient in this study.
SuperPro generates an economic report containing an equip-
ment list and the main characteristics of each item, by using a
built-in power law model to calculate the purchase cost of the
equipment. The ﬁxed capital investment and manufacturing costs
are then calculated by multiplying the purchase equipment cost
by appropriate cost factors (Van den Berg et al., 2010). All these
data are presented in Table 4, and allow performing a tentative
economic evaluation. Fixing a price of 12.5 €/m3 of industrial pol-
luted efﬂuent, lead to a 6-year payback period, with a gross proﬁt
of 1,988,843 €, a net cash ﬂow of (35% tax) = 1,574,114, an internal
rate of return (IRR) of 10.1%, and a net present value (NPV) for
IRR = 7% of 1,409,062.
In summary, the economic feasibility of the process has been
demonstrated, although it should be noted that the economics of
the process will obviously depend on the selected ﬂowsheet
diagram, and the introduction of additional operation
Fig. 5. Proposed metabolic pathway of PHE by P. stutzeri cultured at bioreactor
scale.
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(e.g. disinfection, centrifugation, etc.) would also decisively con-
tribute to the ﬁnal economic performance.
4. Conclusions
This study conﬁrms the suitability of using P. stutzeri for the
biodegradation of PHE both at ﬂask and bioreactor scale. After eval-
uating the effect of different PHE concentrations at ﬂask scale all
the experimental data were successfully ﬁtted to logistic and
Luedeking and Piret models. A comparison between the parame-
ters obtained in ﬂask and bioreactor cultures demonstrated that
the speciﬁc degradation rate parameter was 6 times higher in the
latter, and the PHE degradation was via the protocatechuate route.
Finally, the simulation of the biological process to treat an indus-
trial efﬂuent from a metallurgical industry allowed performing a
tentative economic evaluation.
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Abstract In the present work, biodegradation of phen-
anthrene by a bacterial consortium (LB2), isolated from
lab-polluted soils has been investigated. The 16S rRNA
gene-based molecular analysis revealed that the bacterial
consortium LB2 consisted of two strains showing a very
high homology with Staphylococcus warneri and Bacillus
pumilus. The optimization of phenanthrene degradation by
the consortium LB2, using a central composite face-cen-
tered design was carried out taking into account three
important parameters such as temperature, pH, and phen-
anthrene concentration. Near complete phenanthrene deg-
radation was reached by consortium LB2 at the optimal
conditions (pH of 7.5 and 37.5 C) in less than 48 h.
Moreover, the efficiency of phenanthrene biodegradation
was assessed by using logistic and Luedeking and Piret-
type models. Finally, the process was implemented at
bench-scale bioreactor and the main degradation routes
were identified based on GC-MS data.
Keywords Consortium LB2  Bacillus pumilus 
Biodegradation  Phenanthrene  Staphylococcus warneri
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a complex
class of organic compounds containing two or more fused
aromatic rings, and containing only carbon and hydrogen
atoms, which occur naturally in coal, crude oil, and gaso-
line. The physical and chemical properties of PAHs are
determined by their conjugated p-electron systems, which
are dependent on the number of aromatic rings and the
molecular mass. Generally, their persistence in the envi-
ronment is mainly due to their low solubility in water and
stable polycondensed aromatic structure [1–3]. High PAHs
levels are of public health concern because of their toxic,
mutagenic, and carcinogenic properties [4–6]. An estimated
2.3 9 105 metric tons of PAHs enter aquatics systems every
year [7], which points the importance of this environmental
problem. PAHs can be removed through many processes,
including volatilization, photo-oxidation, chemical oxida-
tion, bioaccumulation, and adsorption [8]. However, one of
the main processes employed for a successful removal and
elimination of PAHs from the environment is the microbial
transformation and degradation [9].
Phenanthrene, a three-ring angular PAH, is a major
constituent of coal derivatives and oil fuels. It is one of the
16 PAHs listed as priority hazardous contaminants by the
US Environmental Protection Agency [10]. It is widely
distributed in the aquatic environment and it has been
identified in surface water, tap water, wastewater, and lake
sediments. It has also been identified in seafood collected
from contaminated waters and in smoked and charcoal-
broiled foods [11]. Therefore, phenanthrene has often been
used as a proof of principle in PAHs remediation [12].
A number of phenanthrene-degrading bacteria have
been identified, most of which are ascribed to Pseudomo-
nas [13], Mycobacterium [14], Nocardioides [15],
Sphingomonas [16], Alcaligenes, Burkholderia, Staphylo-
coccus, Arthrobacter, Acidovorax, Brevibacterium, Janib-
acter, Comamonas [9], Paenibacillus [17], Rhodococcus
[18], and Sinorhizobium [19] genera. In addition, fungi and
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algae have also been reported to degrade phenanthrene
[17].
Nowadays, considerable efforts have been focused on
the isolation of new microorganisms able to degrade PAH
in order to shed light on the fate of these compounds in
natural environments. At the same time, these efforts will
help to allow a more conscious design and implementation
of novel bioremediation schemes and avoiding the pro-
duction of potentially toxic metabolites [20–25]. Relevant
factors such as bacterial agent, contaminant concentration,
pH, and temperature will exert a decisive influence on the
utilization of substrates, protein and cytoplasm synthesis,
and the release of intermediates [26].
Taking into account the abovementioned, the objective
of this research work was to isolate a phenanthrene-
degrading bacterial consortium from lab waste soils by
means of an enrichment culture technique. Likewise,
factors affecting bacterial growth such as phenanthrene
concentration, pH, and temperature were optimized. A non-
linear model, previously used to describe the biodegrada-
tion of different organic compounds [27, 28], was selected
to suitably characterize the kinetics of the biodegradation
process. The biodegradation efficiency of consortium LB2
was also evaluated in a bench scale bioreactor. Finally, the
metabolic pathway involved in phenanthrene biodegrada-
tion by consortium LB2 was studied.
Materials and methods
Media
The minimal medium (MM) was composed of (g/L):
Na2HPO42H2O 8.5, KH2PO4 3.0, NaCl 0.5, NH4Cl 1.0,
MgSO47H2O 0.5, CaCl2 0.0147. MM also contained trace
elements as follows (mg/L): CuSO4 0.4, KI 1.0, MnSO4
H2O 4.0, ZnSO47H2O 4.0, H3BO3 5.0, H2MoO42H2O 1.6
and FeCl36H2O 2.0 [8]. Solid agar plates were composed
of (g/L): NaCl 3, peptone 10, yeast extract 5, and agar 15.
After isolation, the microorganisms were maintained in
PDA plates.
Strain isolation
PAHs-polluted soil samples were collected from lab waste
containers. Soil (10 g) was introduced in 100 mL of MM
amended with phenanthrene (100 lM) as sole carbon
source and 1 % of Tween 80 (purchased from Sigma-
Aldrich) as solubilizing agent. It was incubated in a shaker
at 150 rpm and 30 C in the dark. Phenanthrene solution
(carried out in acetone) was sterilized by filtration through
a 0.20-lm PTFE filter and added until final concentration
of 100 lM to the autoclaved medium, thus avoiding any
possible alteration of the chemical structure of the PAH.
After 1 week, 10 % of this culture was used as inoculum in
fresh MM amended with phenanthrene. The consortium
was grown on MM agar plates. 0.05 % of phenanthrene
dissolved in acetone was sprayed on the interior surface of
the lid of a Petri plate and acetone was allowed to evapo-
rate so that phenanthrene was the sole source of carbon.
Based on morphological characteristics, two different col-
onies were isolated.
Repeated transfers were carried out in fresh MM
amended with phenanthrene till a stable phenanthrene-
degrading bacterial consortium was obtained and it was
designated as LB2.
Phylogenetic identification of the selected strains
Isolates were tentatively identified by 16S rRNA
sequencing. DNA was extracted from bacterial cells using
the boiling method. In brief, 100 lL of molecular grade
water were added to an Eppendorf tube, together with one
colony taken from an agar plate, and were incubated at
100 C for 10 min. Afterwards, 900 lL of molecular grade
water were added, and after a 10 min centrifugation at
12,000 rpm, the supernatant was transferred to an sterile
Eppendorf tube.
Degenerate primers based on the conserved sequence of
16S rDNA were used to amplify 16S rDNA from isolated
bacterium using PCR. The forward primer was 50-AGA-
GTT TGA TC/TA/C TGG CT-30 (Invitrogen), and the
reverse primer was 50-TAC GGC/T TAC CTT GTT ACG
ACT-30 (Invitrogen).
PCR reactions were then performed in 20 lL volumes
containing 4 lL of DNA, 2.5 mM of MgCl2, 187.5 lM of
each dNTP, 20 pmol of each primers, and 1 U of Taq
polymerase (Bioline) in 19 PCR buffer (Bioline). PCR
conditions were as follows: 72 C for 2 min, 20 cycles of
94 C for 30 s, 50 C for 30 s, 72 C for 1 min, and a final
step of 72 C for 10 min. PCR-amplified fragments were
purified on Microspin columns (Amersham Farmacia
Biotech, Piscataway, NJ, USA), and cycle sequencing was
done in a GeneAmp PCR system 2400 (Applied Biosys-
tems) thermocycler. Multiple alignment of sequences was
created by ClustalX, version 1.81 [29], which were sub-
sequently compared with sequences in public databases of
GeneBank (http://www.ncbi.nlm.nih.gov/) with BLAST,
version 2.2.6.
Biodegradation cultures
i. Flask cultures: Submerged aerobic cultures were pre-
pared in 250-mL Erlenmeyer flasks with 50 mL of a
MM with phenanthrene and 1 % Tween 80. The pH
was initially adjusted to the selected values and the
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medium without phenanthrene was autoclaved at
121 C for 20 min. Phenanthrene was sterilized by
filtration as indicated in ‘‘Strain isolation’’. The flasks
were inoculated (3 %) with actively growing cells in
exponential phase (24 h), which were then incubated in
an orbital shaker at the selected temperature and
150 rpm. Samples were withdrawn at different times to
monitor phenanthrene biodegradation and cell density.
All experiments were carried out in triplicate and the
values shown in figures correspond to mean values with
a standard deviation lower than 15 %.
ii. Bioreactor cultures: A 5-L stirred tank bioreactor
(Biostat B, Braun, Germany), similar to that reported
elsewhere [28], with a working volume of 3 L was
used. It was filled with the medium described above
containing 100 lM of phenanthrene. Temperature was
maintained at the optimum temperature and pH.
Bioreactor was inoculated with actively growing cells
from 24 h flask cultures (3 % v/v). Air was continu-
ously supplied at 0.17 vvm and samples were regularly
taken during the experimental period.
Experimental design
The response surface methodology (RSM) is a valuable
tool widely applied in engineering processes for optimi-
zation purposes [30, 31]. Under this methodology, it is
possible to identify optimal conditions while minimizing
the number of experiments required for a selected response.
In this study, a central composite face-centered design
(CCF) was planned for the optimization of culture condi-
tions in flask cultures used in the phenanthrene biodegra-
dation. 20 experiments were employed in this work
including six replicates at the central point. Three main
variables were selected: temperature (XA), pH (XB), and
phenanthrene concentration (XC), as factors that may
potentially have an effect on the response function, phen-
anthrene degradation. On the other hand, the independent
variables were studied at three different levels: ?1, 0, and
-1 corresponding to upper, basic, and lower level,
respectively. The experimental design used for this work is
listed in Table 1, and is based on a preliminary analysis of
the range where the growth is viable (temperature between
25 and 40, and pH between 5 and 8). All experiments were
carried out in triplicate and the calculated standard devia-
tions (SD) were \5 %.
Statistical analysis and validation of the experimental
model
Statistical study of the proposed factorial design was per-
formed by means of analyzing the variance (ANOVA)
(Design Expert 8.0 software, Stat-Ease Inc., Minneapolis,
MN, USA). This analysis included the Fisher’s F test
(overall model significance), its associated probability
values, and coefficient of determination R2.
Analytical methods
i. Cell growth determination: Turbidimetry at 600 nm
was used to ascertain the biomass concentration, and
the obtained-values were converted to grams of cell dry
weight per liter using an experimental calibration
curve.
ii. Phenanthrene measurement: Phenanthrene concentra-
tion in supernatant was determined by HPLC (Agilent
1100) equipped with an XDB-C8 reverse-phase column
(150 9 4.6 mm i.d., 5 lm). Prior to injection, the
samples were filtered through a 0.45-lm Teflon filter.
The injection volume was set at 5 lL, and the isocratic
eluent (60:40 acetonitrile/water) was pumped at a rate of
1 mL/min for 10 min. Detection was performed with a
diode array detector from 200 to 400 nm, and the
column temperature was maintained at 20 C.
iii. Identification of degradation metabolites: 5 mL-
aliquots were extracted twice with chloroform (5 mL)
to identify intermediate compounds formed during the
degradation process. The organic phase extractions
were combined and dried over with anhydrous sodium
sulfate [8]. For the detection of metabolites, measure-
ments were performed with an Agilent GC 6850 gas
chromatograph equipped with a HP5 MS capillary
column (30 m 9 250 lm film thickness 9 0.25 mm,
Agilent), operating with hydrogen as carrier gas,
coupled to an Agilent MD 5975 mass spectrometer
(MS). The GC injector was operated in splitless mode
and 1 lL aliquot was injected using an autosampler. GC
oven was programmed to hold 50 C for 4 min, then
raise the temperature by 10 C/min to 270 C, which
was held for 10 min.
Metabolites were identified by comparing their mass
spectra with the reference mass spectra from the National
Institute of Standards and Technology NISTS search 2.0
database of spectra.
Table 1 Coded levels and independents variables for biodegradation
process
Coded
level
XA: temperature
(C)
XB:
pH
XC: concentration
(lM)
-1 27.5 5.5 100
0 32.5 6.5 400
?1 37.5 7.5 700
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Results and discussion
Isolation and phylogenetic identification
of a phenanthrene-degrading strains
Several soil samples from lab waste containers were
investigated as potential sources of PAH-degrading
microorganisms. After streaking in agar plate cultures and
based on the method described above, one consortium with
phenanthrene degradation potential was obtained. The
consortium showed the typical appearance of two bacteria,
and they presented fast growth (\1 day), which is unusual
in this kind of microorganisms. The consortium strains
were tentatively identified by 16S rRNA sequencing. The
16S rRNA sequences of the two isolated strains of con-
sortium exhibited the highest similarity (100 and 99 %) to
Staphylococcus warneri and Bacillus pumilus, respectively.
Two strains have been isolated from the consortium.
However, as cultural techniques may fail to completely
analyze the microbial biodiversity of a given niche, a future
research work will try to go deeper by other methods
(molecular fingerprinting, cloning, and sequencing).
None of the isolated strains have ever been reported as
PAH-degrading microorganisms at bioreactor scale, and
there are just few papers describing the ability of B. pumi-
lus as PAH degrader [32–36]. Gauthier et al. [32] obtained
a consortium capable of degradation of high molecular
weight PAH (pyrene, chrysene, benzo [a] pyrene and per-
ylene), and one of the strains turned out to show 99 % of
homology to B. pumilus. Similarly, PAH-degrading
B. pumilus strains were phylogenetically identified by
Toledo et al. [33] and Chang et al. [34] in oil residues and
mangrove sediments from Taiwan, respectively.
Khanna et al. [36] determined that B. pumilus (MTCC
1002) isolated from crude oil contaminated soil and iden-
tified by 16S rDNA gene sequence analysis, was capable of
growing in the presence of pyrene and was able to co-
metabolize 64 % of 50 lg/mL pyrene in basal medium.
This report points to B. pumilus as a potential pyrene
biodegrader suitable for effective in situ PAH bioremedi-
ation. Similarly, Arun and Eyini [35] isolated wild basid-
iomycetes mushroom fungi with high ligninolytic activity
and an indigenous PAH-degrading bacterium B. pumilus
from an oil spilled location. Recently, Silva-Castro et al.
[37] analyzed the efficiency of two different microbial
consortia, A and B, composed of B. pumilus and other
species (A: B. pumilus, Alcaligenes faecalis, Micrococcus
luteus, and Enterobacter sp.; B: B. pumilus, Enterobacter
sp., and Ochrobactrum anthropic) on the degradation of
PAH by applying them in land farming treatments.
Regarding S. warneri, there is not any report in the
literature about its ability to degrade PAH. Nevertheless,
Saadoun et al. [38] reported its capability to biodegrade
mineral oil and other hydrocarbons (hexane, decane, and
tetradecane).
Based on these facts, it is clear the interest of
researching the ability of this consortium LB2 to degrade
phenanthrene. Nonetheless, the extent and rate of phenan-
threne degradation depend on complex interactions
between the contaminants, microorganisms, and environ-
mental conditions [39]. Thus, treatment efficiency is
influenced by numerous abiotic and biotic factors such as
pH, temperature, contaminant concentration, level of
electron acceptor, biomass concentration, and acclimation
of microorganisms [40, 41]. Since this, the effect of pH,
temperature, and phenanthrene concentration on the bio-
degradation process has been investigated. An experi-
mental design and a statistical analysis were implemented
in order to interpret the relationship between the indepen-
dent and dependent variables.
Phenanthrene degradation ability: CCF and RSM
studies
The ability to degrade PAHs was evaluated using phen-
anthrene as an indicator and model compound and was
experimentally ascertained through cultivation in Erlen-
meyer flasks. According to a CCF, a set of experiments
were carried out. The experimental results obtained after
performing 20 runs of the CCF are shown in Table 2. A
second order polynomial response equations were used to
correlate the dependent and independent variables. The
selected response (Y) was described by a second order
model (Eq. 1) for predicting the response in all experi-
mental regions as follow:
Y ¼ b0 þ bAXA þ bBXB þ bCXC þ bABXAXB þ bACXAXC
þ bBCXBXC þ bAAX2A þ bBBX2B þ bCCX2C ð1Þ
where Y is the response variable of phenanthrene degra-
dation degree. The bi, bii, bij are the regression coefficients
for linear, squared, and interaction effects, respectively,
and Xi are coded experimental levels of the variables. All
these parameters are shown in Table 1. The ANOVA
demonstrated that the model was highly significant (p value
\0.0001) (Table 3). The Fisher F test (F value = 33.6)
indicates that the model is significant. Bearing in mind that
values of Prob [ F less than 0.0500 indicate that model
terms are significant, A, B, C, BC, BB can be considered as
significant model terms.
Thus, the statistical analysis of all experimental data
showed that the proposed variables (pH, temperature, and
phenanthrene concentration) have a significant impact on
the phenanthrene degradation levels obtained. At the same
time, the predicted R2 of 0.7587 is in reasonable agreement
with the adjusted R2 of 0.9392. Adequate precision of
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19.998 indicates a suitable signal to noise ratio (greater
than 4 is desirable). Also, a high precision and reliability of
the experiments can be concluded from the coefficient of
variation (CV = 3.20 %). Therefore, this model can be
used to navigate the design space.
Finally, a valuable tool to predict phenanthrene degrada-
tion efficiency for different values of the tested variables is
the response surface plot [42]. The graphical representation
of the response surface is shown in Fig. 1. A visual inspection
of the data indicates that the degradation efficiency increased
with the pH and temperature (phenanthrene concentration of
100 lM). In addition, the optimal operational conditions
were pH around 7–7.5, temperature 35.5–37.5 C, and low
phenanthrene concentration. Analogously, Kastner et al. [43]
observed that degradation of phenanthrene by Sphingomonas
paucimobilis at pH 5.5 was only 40 % after 16 days, while pH
values close to pH 7 led to more than 80 %. Also, Bishnoi
et al. [44] concluded a similar behavior in the degradation of
acenaphthene, anthracene, phenanthrene, fluoranthene, and
pyrene by the fungus Phanerochaete chrysosporium.
Regarding the effect of temperature, the optimum range
observed in this work is superior to other works tackling
hydrocarbon degradation, such as that carried out by
Herna´ndez-Rivera et al. [45] who use a bacterium isolated
from a contaminated location as biodegradation agent.
Therefore, based on the results obtained in the experi-
mental design and statistical analysis, hereafter the bio-
degradation cultures were carried out at 37.5 C, initial pH
7.5, and phenanthrene concentration of 100 lM.
Biodegradation at flask scale
The growth curve of the consortium in flask cultures was
obtained at the obtained optimum conditions, and it is shown
in Fig. 2. Based on our previous investigations [27, 28], all
experimental data were fitted to a logistic model (Eq. 2),
where A is the biomass (X, g/L) or the phenanthrene degra-
dation rate (D, %) at a specific moment of the culture
Table 2 Experimental conditions and results of the CCF for phen-
anthrene biodegradation
Run Temperature
(C)
pH Concentration
(lM)
Degradation
(%)
1 32.5 6.5 700 99
2 32.5 6.5 400 98
3 32.5 6.5 400 99
4 37.5 5.5 100 81
5 32.5 6.5 400 98
6 37.5 5.5 700 66
7 32.5 6.5 400 99
8 37.5 6.5 400 99
9 27.5 6.5 400 98
10 32.5 6.5 400 98
11 32.5 5.5 400 78
12 32.5 6.5 400 99
13 37.5 7.5 100 100
14 37.5 7.5 700 96
15 32.5 7.5 400 94
16 27.5 5.5 700 60
17 27.5 7.5 700 84
18 27.5 7.5 100 94
19 27.5 5.5 100 84
20 32.5 6.5 100 100
Table 3 ANOVA analysis for response surface
Source Sum squares Degrees of freedom Mean square F value Prob [ F
Model 2,580.91 9 286.77 33.60 \0.0001 Significant
A-temperature 46.80 1 46.80 5.48 0.0412
B-pH 999.33 1 999.33 117.08 \0.0001
C-concentration 281.25 1 281.25 32.95 0.0002
AB 27.01 1 27.01 3.16 0.1056
AC 27.01 1 27.01 3.16 0.1056
BC 80.43 1 80.43 9.42 0.0118
A2 7.08 1 7.08 0.83 0.3839
B2 521.53 1 521.53 61.10 \0.0001
C2 0.20 1 0.20 0.024 0.8807
SD 2.92 R2 0.9680
Mean 91.19 Adj R2 0.9392
C.V. (%) 3.20 Pred R2 0.7587
Adeq precision 19.998
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time t (h), A0, and Amax are the initial and maximum biomass
(X0 and Xmax, g/L) or the initial and maximum phenanthrene
degradation rate (D0 and Dmax, %) and b is the maximum
specific growth rate (l, h-1) or the maximum specific
phenanthrene degradation rate (lD, h
-1).
A ¼ Amax
1 þ e Ln
Amax
A0
1
 
bt
h i ð2Þ
The model was adjusted to the experimental data by the
SOLVER function in Microsoft EXCEL, which seeks
the values of the parameters that minimize the sum of the
squared differences between the observed and predicted
values of the dependent variable.
From the data depicted in Fig. 2, and the values of the
parameters presented in Table 4, it is clear that the logistic
model adequately fits to the experimental data (R2 [ 0.94).
The maximum specific growth rate levels (lmax) are about
0.12 h-1, similar to the values reported by Moscoso et al.
[28], Deive et al. [27], and Jegan et al. [46] when studied
phenanthrene, naphthalene, and a di-azo dye degradation
by Pseudomonas stutzeri, Micrococcus, and Anoxybacillus
bacteria, respectively. The levels are much higher than
those reported by Obayori et al. [47] when studied pyrene
biodegradation by a Pseudomonas species isolated from
polluted tropical soils (0.024 h-1). The analysis of the
degradation parameters allows concluding that the maxi-
mum levels of phenanthrene degradation are similar to
those reported by Moscoso et al. [28]. It is noticeable that
the degradation of phenanthrene at flask scale by this
consortium leads to quite higher levels of specific degra-
dation rate than those reported for P. stutzeri cultures.
A model reported by Marque´s et al. [48] was proposed
(Eq. 3) in order to determine the influence of the growth
rate on the phenanthrene degradation degree. This classic
model considers the relationship between cell growth and
product formation or substrate degradation.
D ¼ D0 þ mX0 e
l t
1  X0Xmax
 
1  el tð Þ
h i 1
8<
:
9=
;
þ n Xmax
l
 
ln 1  X0
Xmax
 
1  el tð Þ
 
ð3Þ
This algorithm allows defining the phenanthrene
degradation efficiency as a function of the growth rate
(m = 0), a function of the biomass (n = 0) or a function of
both parameters (m = 0 and n = 0). The model is suitable
for describing the degradation response by the consortium,
as can be concluded from the adequate regression
coefficients obtained ([0.94). All the fitting parameters
are listed in Table 4. It becomes patent that the
biodegradation process is more dependent on the biomass
production, since in all cases m is, at least, more than ten
times higher than n.
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Fig. 1 Response surface plot and contours plot of phenanthrene
degradation to evaluate the effect of pH and temperature while the
phenanthrene concentration was kept constants at the central levels
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Fig. 2 Biomass concentration (void symbols) and phenanthrene
degradation (full symbols) profiles of consortium LB2, operating at
the optimal conditions at flask scale (open circle) and 5-L bioreactor
(open triangle). Symbols represent experimental data and solid lines
represent the fittings to logistic models
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Biodegradation at bioreactor scale
To our knowledge, the relevance of this type of research
work is clear since there are almost no reports about the
bioremediation of phenanthrene at high scale. For this
reason, a biodegradation process of a phenanthrene-con-
taining effluent in a 5 L-bioreactor was carried out in order
to validate the efficiency of the selected consortium.
The results obtained at the bioreactor scale are plotted in
Fig. 2, and the kinetic parameters defining the microbio-
logical process are also listed in Table 4. It can be checked
that the levels of phenanthrene degradation reached are
higher than those obtained at 250 mL-flasks. This fact can
be due to the particular hydrodynamic setting in the bio-
reactor. The cultivation at this scale involves an increased
transfer area and the formation of small-sized air bubbles
distributed in the culture medium, thus leading to an
improved degree of mixing and aeration that could increase
the bacterial activity. Furthermore, from an economic
standpoint, this fact allows reducing the treatment time,
since near complete degradation is reached within 50 h.
The results obtained with this consortium are advantageous
when compared with other research works involving
phenanthrene degradation at bioreactor scale.
Thus, Trably and Patureau [49] worked in a continuous
bioreactor with PAH concentrations between 3 and 6 ppm
(organic carbon load of 1.2 kg COD/m3 day) and need to
apply a hydraulic retention time of 20 days, to attain about
90 % of phenanthrene biodegradation. However, a
hydraulic retention time of 120 h was necessary when bio-
slurry phase reactors were used to degrade pyrene at con-
centrations between 0.12 and 0.36 ppm per day [50].
Nasseri et al. [51] needed 3 weeks to reach 87 % of
remediation in Pseudomonas cultures carried out in a slurry
phase bioreactor (1 L-volume containing 400 mL of med-
ium and 40 g of soil with 100 ppm of phenanthrene), while
Moscoso et al. [28] determined that 3 days are necessary
to reach about 90 % of phenanthrene degradation by
P. stutzeri, using the same PAH concentration and biore-
actor configuration as that presented in this work.
Finally, the biomass was treated with an extracting agent
such as ethanol in order to determine if the phenanthrene
removal is due to biomass sorption. Less than 10 % of
phenanthrene was found, thus indicating that phenanthrene
was not adsorbed onto the biomass. This means that
phenanthrene removal was only due to the metabolic
pathways of the selected consortium. This data is similar to
those reported by Moscoso et al. [28] and Sponza and Gok
[52] when studied phenanthrene and PAH degradation,
respectively.
Identification of phenanthrene degradation pathway
The last step of the work included the identification of the
biochemical pathway followed to degrade the selected
PAH, phenanthrene. Usually, biodegradation of aromatic
compounds starts with their oxidation to a dihydrodiol by a
multicomponent enzyme system. These dihydroxylated
intermediates may then be processed through either an
Table 4 Growth and phenanthrene biodegradation kinetic parameters defining the logistic and Luedeking and Piret-type models in flask and
bioreactor scale
Experiment Biomass parameters Degradation parameters Luedeking and Piret parameters
Scale X0 (g/L) Xmax (g/L) l (h
-1) R2 D0 (%) Dmax (%) lD (h
-1) R2 D0 (%) m (%/g) n (%/g/h) R
2
250 mL-flask 0.069 0.617 0.116 0.94 0.123 92.327 0.137 0.99 0 48.847 0.734 0.94
5 L-bioreactor 0.064 0.699 0.178 0.98 2.058 99.301 0.191 0.98 0 92.619 0.555 0.97
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Fig. 3 Total ion chromatogram of GC-MS of phenanthrene degra-
dation by consortium LB2 at bioreactor scale. a Detected compounds
at initial time, phenanthrene, and Tween 80. b Detected compounds
after 4 days, diethylphatalate, phenanthrene, and Tween 80. Asterisk
unidentified compounds
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ortho cleavage type of pathway or a meta cleavage type of
pathway, leading to central intermediates such as protoc-
atechuates and catechols, which are further converted to
tricarboxylic acid cycle intermediates [53]. In this partic-
ular case, and based on GC-MS data (Fig. 3), it is clear that
the phenanthrene is degraded via protocatechuate pathway,
and 1-hydroxy-2-naphtoic acid is detected and metabolized
via o-phthalate. From the results of the chromatograms, it
is possible to conclude the generation of the precursor
metabolite, diethylphatalate, which is further metabolized
by the tricarboxylic acid cycle.
In this way, we can confirm that consortium LB2
degraded phenanthrene not only like P. stutrezi, but also
leading to higher yields and following the same route
pathway. However, it is known that the use of Pseudo-
monas sp. entailed the metabolization of 1-hydroxy-2-
naphthoic acid via a naphthalene-catabolizing pathway
[54].
Conclusions
In view of the results obtained in the present paper, it can
be concluded the potential of the isolated consortium in the
degradation of PAH. The phylogenetic identification by
means of 16S rRNA gene sequencing allowed to tenta-
tively name the two main strains making up the consor-
tium: Staphylococcus warneri and Bacillus pumilus. After
having optimized the operating conditions of temperature
and pH at flask scale, the process was successfully carried
out at stirred tank bioreactor. All the experimental data
were suitably fitted to logistic and Luedeking and Piret-
type models, obtaining very high degradation percentages
in less than 1 week of treatment. Additionally, it was
demonstrated that phenanthrene was degraded via protoc-
atechuate route, which ultimately indicates its complete
mineralization.
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In this work, the biodegradation of three polycyclic aromatic hydrocarbons (PAHs) such as Phenanthrene
(PHE), Pyrene (PYR) and Benzo[a]anthracene (BaA) has been investigated. A bacterial consortium consist-
ing of two strains was used for the ﬁrst time based on preliminary promising biodegradation data. They
were tentatively identiﬁed as Staphylococcus warneri and Bacillus pumilus. Degradation values higher than
85% were obtained for each single PAH when operating at ﬂask scale, whereas minimum levels of 90% of
PAHs removal were obtained after just 3 days of cultivation at bioreactor scale. The operation in comet-
abolic conditions led to maximum levels about 75% and 100% at ﬂask and bioreactor scale, respectively.
All the experimental data were analyzed in the light of logistic and Luedeking and Piret type models, with
the purpose to better characterize the biodegradation process by S. warneri and B. pumilus. Finally, the
metabolic pathway followed to degrade each PAH was ascertained.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Contamination by polycyclic aromatic hydrocarbons (PAHs) is a
global concern in the limelight, due to their negative health and
environmental consequences, such as their persistence, their
known toxic effects and mutagenic and carcinogenic properties
(Cao et al., 2009). Hitherto, one of the most promising technologies
to remove and clean up PAHs from natural environments is biore-
mediation, which can be deﬁned as an environmentally safe tech-
nology that seeks the attenuation or transformation of polluting
compounds by the use of microbial communities (yeast, fungi or
bacteria) (Lebkowska et al., 2011).
Although PAHs are recalcitrant hydrophobic compounds with
poor solubility in water, which limits their availability to microor-
ganisms, literature data indicates that a large number of bacteria
capable of degrading a wide range of PAHs have been isolated from
contaminated sites (Mrozik, 2003; Zhong et al., 2011; Janbandhu
and Fulekar, 2011) and they belong to different genera such asll rights reserved.Burkholderia, Pseudomonas, Rhodococcus and Sphingomonas among
others (Moscoso et al., 2012a).
Some recent studies have converged upon the idea that in-
creased biodegradation efﬁciency can be reached when a mixed
bacterial culture is used (Mrozik, 2003; Zhong et al., 2011; Jan-
bandhu and Fulekar, 2011). Grounded on this fact, metabolic coop-
eration is gaining further momentum to explain an enhanced PAHs
assimilation, since metabolic intermediates produced by some
microorganisms can act as substrates for others. Following this
trend, Janbandhu and Fulekar (2011) reported that the use of a sin-
gle strain is a proper approach to understand bioprocess perfor-
mance but does not reﬂect at all the situation that take place
during a real bioremediation case in natural environments, where
it is almost impossible that a pure strain can exist alone. Moreover,
as reported Chávez et al. (2004), PAHs are usually present in the
environment as a mixture of several aromatic compounds, thus
standing for more difﬁculties in biodegradation by microorgan-
isms. In this situation, each PAH has the capacity to inﬂuence the
others, affecting their biodegradation rate. Although PAHs are typ-
ically found in soils and sediments due to their physical properties
such as high hydrophobicity, several remediation methods like soil
washing or electrokinetic treatment lead the contaminants from
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mediation strategies for PAHs-containing efﬂuents could be con-
sidered an appealing alternative. Ex-situ bioremediation through
biological reactors, both under aerobic and/or anaerobic condi-
tions, has been successfully used in the treatment of water
contaminated with chemical pollutants including perchlorate
(Min et al., 2004), bromate (Butler et al., 2006), chlorinated hydro-
carbons such as trichloroethylene (TCE) (Ohlen et al., 2005), phenol
(Kryst and Karamanev, 2001), methyl tert-butyl ether (MTBE) and
other oxygenated compounds (Zein et al., 2006), alkylate (Cho
et al., 2007), and PAHs (Moscoso et al., 2012a).
Therefore, the present study aims at elucidating the extent of
PHE, PYR and BaA degradation rate by a bacterial consortium as
well as the operation in a stirred tank bioreactor, modeling all
the experimental data obtained. Another goal in this work is to
identify the main intermediate metabolites in a three-component
mixture of PAHs (metabolic cooperation) during the biodegrada-
tion process.2. Methods
2.1. Chemicals and culture medium
Phenanthrene (PHE), Pyrene (PYR) and Benzo[a]anthracene
(BaA) (all >99% purity) used in degradations experiments were
purchased from Sigma Aldrich (Germany). Tween 80, a non ionic
surfactant, was supplied by Merck. The composition of mineral
medium (MM) has been described previously (Moscoso et al.,
2012a). PAHs stock solutions were 5 mM in acetone and prepared
just before use to avoid any possible alteration of the chemical
structure of the compound. Twenty milliliter per liter of the PAHs
stock solution were added to the MM to obtain a ﬁnal concentra-
tion of 100 lM for each PAH. All other solvents and chemicals used
were at least, reagent grade or better.2.2. Isolation and genetic identiﬁcation of PAHs degrading bacteria
PAHs degrading bacterial consortium species were isolated
from lab soils polluted with PAHs and heavy metals, by using an
enrichment culture technique. Soil (10 g) was suspended in
100 mL of MM with 100 lM BaA as sole carbon source and 1%
Tween 80 as solubilizing agent and was incubated with shaking
at 150 rpm and 30 C in the dark. After 1 week, 10 mL of this cul-
ture were used as inoculum in fresh MM (100 mL) containing the
same concentration of BaA as above and incubated under the same
conditions. Repeated transfers were carried out in fresh MM
amended with BaA till a stable BaA degrading bacterial consortium
was obtained showing consistent growth and BaA degradation.
After several transfers, a stable BaA degrading bacterial consortium
was obtained and it was designated as consortium LB2. Strain iso-
lation was carried out by the 13-streak plate method, which con-
sisted of a mechanical dilution of the samples on the surface of
agar plates which were incubated at 30 C. Solid agar plate was
composed of (g L1): NaCl 3, peptone 10, yeast extract 5 and agar
15. After isolation, the microorganisms were maintained in PDA
plates.
The isolated strains making up the consortium LB2 were gram
positive bacteria and the genera present turned out to be Staphylo-
coccus and Bacillus. Data based on the 16S rRNA sequence of the
isolates, indicated a close match with the sequences of Staphylococ-
cus warneri (100% homology) and Bacillus pumilus (99% homology)
available in public databases of GeneBank (http://www.ncbi.nlm.
nih.gov/) by using BLAST.2.3. PAHs Biodegradation assays at different scales
2.3.1. Flask scale
Biodegradation experiments were carried out in 250-mL Erlen-
meyer ﬂasks with 50 mL of MM (pH 7.5), surfactant Tween 80 (1%
w/v) and 1 mL of a stock solution (5 mM) of each PAH. Each ﬂask,
capped with cellulose stoppers, was inoculated (3%) with actively
growing cells in late exponential phase (24 h). Cultures were incu-
bated in the darkness for 7 days in an orbital shaker at 37.5 C and
150 rpm. These conditions were determined using a factorial
experimental design. Samples were withdrawn at different times
to monitor PAHs biodegradation and cell density. All experiments
were carried out in triplicate and the values shown in ﬁgures cor-
respond to mean values with a standard deviation lower than 15%.2.3.2. Stirred tank bioreactor scale
A 5-L stirred tank bioreactor (STB) (Biostat B, Braun, Germany)
was used for the scaling up of the process, as described in previous
studies of our research group (Moscoso et al., 2012a,b). It was ﬁlled
with MM containing 100 lM of each individual PAH as well as with
a mixture of all of them (each one at 100 lM). Temperature was
maintained at 37.5 C by circulation of thermostated water, and
the initial pH was adjusted to 7.5. Actively growing cells from
24 h ﬂask cultures (3% v/v) were used to inoculated it. Air was sup-
plied continuously at 0.17 vvm and samples were taken regularly
during the experimental period.2.4. Analytical methods
2.4.1. Cell growth determination
Biomass concentration was measured by turbidimetry at
600 nm in a UV–Vis spectrophotometer (hekiosb), and the ob-
tained-values were converted to grams of cell dry weight per liter
using an experimental calibration curve (Biomass concentration
(g L1) = 0.5415  Absorbance).2.4.2. PAHs Kinetic degradation
PHE, PYR and BaA concentrations in the culture media were
analyzed by using a HPLC system (Agilent 1100) equipped with a
reversed phase XDB-C8 column with its corresponding guard col-
umn, as described in previous studies of the group (Moscoso
et al., 2012b). The concentration of each PAH was calculated from
a standard curve based on peak area using the absorbance at
252.4 nm (photodiode array UV/Vis detector). The injection vol-
ume was set at 5 lL (of centrifuged cultivation media ﬁltered
through a 0.45-lm Teﬂon ﬁlter) and the isocratic eluent (67:33
acetonitrile/water) at a ﬂow rate of 1 mL min1.2.4.3. Metabolites identiﬁcation
PAHs metabolic intermediates generated during biodegradation
process were extracted (from different samples withdrawn at dif-
ferent times) with chloroform. Following the protocol proposed
by Zhao et al. (2009), 1 lL of this organic phase was analyzed using
an Agilent GC 6850 gas chromatograph equipped with a HP5 MS
capillary column (30 m  250 m ﬁlm thickness  0.25 mm, Agi-
lent), operating with hydrogen as carrier gas, coupled to an Agilent
MD 5975 mass spectrometer (MS). The GC injector was operated in
splitless mode, 1 lL aliquots were injected using an autosampler;
GC oven was programmed to hold 50 C for 4 min, then raise the
temperature by 10 C/min to 270 C, which was held for 10 min.
PAHs degradation products were identiﬁed by comparison with
the NISTS search 2.0 database of spectra.
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The test used to evaluate PAHs biosorption over the biomass
was performed by following the procedure given by Sponza and
Gok (2010) with minor modiﬁcations. Brieﬂy, 50 mL of ﬂask cul-
ture medium, at the same conditions as biodegradation in ﬂask cul-
tures, were taken and centrifuged at 9300g and 4 C. After
removing the supernatant, biomass samples were resuspended in
5 mL of methanol in order to extract the adsorbed PAHs. Then,
these samples were measured in HPLC, following the same proce-
dure as described above, in Section 2.4.2.
2.6. Mathematical ﬁttings
The model used were ﬁtted to experimental data through SOL-
VER function in Microsoft EXCEL which seeks the values of the
parameters that minimize the sum of the squared differences be-
tween the observed and predicted values of the dependent
variable.
3. Results and discussion
3.1. Isolation of aerobic PAHs degrading bacteria
Two strains were differentiated in the bacterial consortium ob-
tained according to the method described in the materials and
methods section, by both macroscopic characteristics when cul-
tured in agar plates (colour and shape) and microscopic ones (cells
morphology and Gram staining). Their main properties are sum-
marized in Table 1. Therefore, as can be seen the bacterial consor-
tium was identiﬁed by 16 RNA sequencing to possess the highest
homology with B. pumilus and S. warneri. Up to our knowledge,
there are no references concerning PAHs degradation at bioreactor
scale by these microorganisms, a fact which underlines the timeli-
ness of this work.
As previously mentioned, PAHs are highly hydrophobic contam-
inants, and the effectiveness of any biodegradation process usually
requires the addition of surface active compounds leading to a
higher bioavailability. Due to this, a screening of suitable surfac-
tants was approached in plates as a preliminary stage to operate
at ﬂask scale. Hence, assays over disks impregnated with different
surfactants were carried out in order to identify the behaviour of
this bacterial consortium in the presence of this type of com-
pounds, since they can very often be toxic for the microorganism,
as concluded by Sartoros et al. (2005) when evaluated the effect
of surfactants and temperature on biotransformation kinetics of
anthracene and pyrene by a microbial culture from PAHs contam-
inated soil. Biosensibility of surfactants in solid media was moni-
tored by the formation of a clear zone around the growing
colonies or the appearance of pigments. Results show a total toler-
ance against surfactants like saponin and Tween 80, but high
sensibility to another non-ionic surfactant like Brij 35. Anionic
surfactant SDS shows a more unclear behaviour, but could be con-
sidered toxic for concentrations greater than 10%. Therefore, due toTable 1
Main characteristics of PAHs degrading bacteria isolated.
Bacterium Morphology Genetic Identiﬁcation
Gram
Character
Colony appearance Identity%
LB2a + Round shaped, pale
white colonies
Bacillus pumilus (99%)
LB2b + Round shaped colonies Staphylococcus
warneri (100%)economic reasons, Tween 80 was selected for further experiments
at ﬂask and bioreactor scale.
3.2. Growth and biodegradation assays at ﬂask scale
Mixed bacterial consortium LB2 was tested for its ability to
grow on different contaminants acting as carbon sources such as
a lowmolecular weight PAH (PHE) and high molecular weight ones
(PYR and BaA), as well as a mixture of all of them.
Since microbial biomass is sometimes used as a valuable tool
for studying dynamics of pollutant biodegradation, modeling the
experimental growth and degradation parameters can be relevant
to achieve a better knowledge on the bioremediation process.
According to this, a logistic model was used to ﬁt the experimental
biomass and biodegradation data, which was previously described
for other biodegradation processes (Deive et al., 2010; Rosales
et al., 2012).
X ¼ Xmax
1þ e Ln
Xmax
X0
1
 
lt
h i ð1Þ
D ¼ Dmax
1þ e Ln
Dmax
D0
1
 
lDt
h i ð2Þ
where X and D are the biomass (g L1) and the PAHs removal (%) at a
speciﬁc moment of the culture time t (h), X0 and D0 are the initial
biomass (g L1) and PAHs removal (%), Xmax and Dmax are the max-
imum biomass (g L1) and PAHs removal (%), and concentrations
and l and lD the speciﬁc growth rate and speciﬁc degradation rate
(h1).
The parameters deﬁning the models proposed are presented in
Table 2, and from the regression coefﬁcients (R2 > 0.94 in all cases)
and from the Fig. 1, it can be concluded that the logistic equations
serve our goal to suitably model the biological process.
When consortium LB2 was grown on different carbon sources,
dissimilar growth results were obtained. Thus, the highest maxi-
mum biomass levels are obtained when the more accessible struc-
ture of the low molecular weight (LMW) PAH PHE is present in the
culture medium. In relation to the speciﬁc growth rates, the values
obtained are much higher than those reported for other bioremedi-
ation processes. In this sense, the addition of PYR led to speciﬁc
growth rates of 0.167 h1, a value eight times higher than that re-
ported by Obayori et al. (2008), for the biodegradation of PYR by
Pseudomonas sp. (0.024 h1). Therefore, it is conﬁrmed that the se-
lected PAHs can act as a suitable carbon and energy source for bac-
terial consortium LB2.
The efﬁciency of the selected consortium LB2 on PAHs degrada-
tion was ﬁrst assessed by cultivating it in the presence of each con-
taminant separately. Different proﬁles of degradation were
detected, as can be checked in Fig. 1b: while PHE degradation
reached 43% and was completely removed at day 2 and 5 respec-
tively, different behaviors were detected for PYR and BaA, which
reached only 14% and 8%, respectively, after 2 days of cultivation,
although they were nearly removed at day 5. Comparing the spe-
ciﬁc degradation rates obtained with those reported for bacterial
culture of B. pumilus, Dyella ginsengisol and Mycobacterium barrasi
by Chang et al. (2008), quite higher values can be concluded
(PHE 0.135 vs. 0.032 h1; PYR 0.069 vs. 0.015 h1). This fact is in
agreement with previous results reported by Zhong et al. (2011),
who highlighted that the interactions between two different
strains in mixed cultures could increase the PAHs removal.
It is well known that studies using single PAHs are an unrealis-
tic simulation of the process that takes place in natural environ-
ment, since they are usually present as multicomponent
mixtures (Chávez et al., 2004). Hence, when a mixture of the three
selected PAHs was used as the carbon and energy source, a differ-
Table 2
Growth and PAHs biodegradation kinetic parameters deﬁning the logistic and Luedeking and Piret-type models in cultures of microbial consortium LB2 at ﬂask and STB.
Experiment Biomass parameters PAHs degradation parameters Luedeking and Piret parameters
PAHs Scale X0 (g L1) Xmax (g L1) l (h1) R2 D0 (%deg) Dmax (%deg) lD (h1) R2 D0 (%deg) m (%deg L g1) n (%deg L h g1) R2
PHE Flask 0.069 0.617 0.116 0.94 0.123 92.327 0.135 0.99 0 48.847 0.734 0.94
PYR 0.001 0.431 0.167 0.98 0.581 88.384 0.069 0.99 1.332 2.31 0.714 0.99
BaA 0.004 0.447 0.094 0.97 0.132 97.789 0.088 0.99 0 142.241 0.675 0.96
PHE-Mx 0.016 0.457 0.132 0.99 1.040 73.603 0.121 0.99 0 98.464 1.479 0.98
PYR-Mx 1.843 73.750 0.092 0.99 0 65.475 2.023 0.99
BaA-Mx 0.189 86.321 0.173 0.99 1.373 108.500 0.817 0.99
PHE STB 0.064 0.699 0.178 0.98 2.058 99.301 0.191 0.98 0 92.619 0.555 0.97
PYR 0.003 0.604 0.111 0.98 1.219 99.621 0.120 0.99 0.423 67.186 2.008 0.99
BaA 0.011 0.848 0.068 0.99 1.807 97.112 0.109 0.96 21.583 142.67 0.645 0.87
PHE-Mx 0.016 0.503 0.058 0.99 1.474 100 0.070 0.99 0.875 155.605 1.464 0.99
PYR-Mx 0.783 100 0.081 0.99 2.698 229.512 0.132 0.99
BaA-Mx 1.041 100 0.069 0.98 0.286 206.742 0 0.96
Fig. 1. Biomass concentration (a) and PAHs degradation proﬁles (b) in ﬂask cultures
of bacterial consortium LB2 in MM at 150 rpm and 37 C: (d) PHE; (j) PYR, (N) BaA,
(}) PHE + PYR + BaA, proﬁles individually (full symbols) and mixed (void symbols).
Experimental data are represented by symbols and logistic model by solid lines.
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for each PAH: 74% vs. 92% for PHE, 74% vs. 88% for PYR and 86%
vs. 98% for BaA. However, only 3 days were necessary to reach
these high levels of depletion. From the data presented in Table 2
and depicted in Fig. 1b, it is patently clear that equal or higher spe-
ciﬁc degradation rates are obtained when working in cometabolic
conditions, a fact that is advantageous in terms of bioprocess econ-
omy. In this sense, recent papers suggested that the simultaneous
bacteria-mediated biodegradation of PAHs dissolved in a PAHsmixture was strongly inﬂuenced by their different bioavailabilities
(Peng et al., 2008).
In addition, the reasons for the slight differences detected can
also be explained in the light of the pH values variation. Even
though pH was adjusted at the beginning of the experiment at
7.5, a slight acidiﬁcation during the bioremediation process was
observed. Janbandhu and Fulekar (2011) reported drastic pH
changes on the growth of an adapted microbial consortium, from
initial pH of 7 until acidic values between 5.6 and 5.2 when studied
PHE biodegradation. The reason for such acidiﬁcation can underlie
in the accumulation of ions H+ or other typical acidic metabolites,
as a result of the PHE biodegradation. According to this and as re-
ported Simarro et al. (2011), depending on the target PAHs, the
optimum pH range can be very variable. Some acid resistant
Gram-positive bacteria, such as Mycobacterium sp. and in our par-
ticular case, B. pumillus and S. warneri, show better PAHs degrada-
tion performance under acidic conditions because low pH can
induce more permeability in the bacteria towards hydrophobic
substrates.
Finally, a deeper analysis was undertaken by modeling the
behavior of the growth and biodegradation through the equation
reported by Marqués et al. (1986) and based on the model of
Luedeking and Piret.
D ¼ D0 þmX0 e
lmt
1:0 X0Xmax
 
ð1:0 elmtÞ
h i 1:0
8<
:
9=
;
þ n Xmax
lm
 
ln 1:0 X0
Xmax
 
ð1:0 elmtÞ
 
ð3Þ
which includes all the parameters previously mentioned in Eqs. (1)
and (2). This model is an adaptation of the integrated form of the
classical Luedeking and Piret model, which allows the classiﬁcation
of degradation as primary (m = 0, degradation only depends on the
growth rate), secondary (n = 0, degradation only depends on the
biomass present, X) and mixed (m– 0 and n– 0, degradation de-
pends on the growth rate and on the biomass present). On the basis
of the data listed in Table 2, the proﬁle of this bioremediation pro-
cess turned out to be more dependent on the biomass production,
since parameter m is, at least, more than six times higher than n.
It is important to underline too that this behaviour is similar for
all the experiments that were carried out. From our knowledge, this
is the ﬁrst time that this behavior is found.
3.3. Growth and biodegradation of PAHs in cultures at STB scale
Since a great potential biodegradation was evidenced at ﬂask
scale and based on the preliminary biodegradation assays, the
274 F. Moscoso et al. / Bioresource Technology 119 (2012) 270–276scaling up of this bioprocess was approached in a bench stirred
tank bioreactor (STB). Degradation of three PAHs, both individually
and in a mixture (100 lM of each) was followed for a period of
7 days.
Due to PAHs are well known recalcitrant compounds and are
resistant to biological breakdown due to their physical and chem-
ical properties, STB was chosen in order to enhance their bioavail-
ability by favoring and increased mass transfer. All the
experimental data of cell growth and biodegradation were ﬁtted
to the logistic equations presented previously. The parameters
obtained are listed in Table 2 and the theoretical curves can be
graphically inspected in Fig. 2. It is noticeable that the operation
at bioreactor scale involves higher values of maximum biomass
and degradation (between 97% and 99% in less than 4 days for all
cases) than those obtained in ﬂask cultures. This fact conﬁrms
the importance role of the hydrodynamic setting for succeeding
in the biodegradation of a given contaminant. Thus, the operation
at STB entails a higher degree of mixing and oxygenation than the
mild agitation and passive aeration which can ease the pollutant
bioavailability to the microorganism cells.
In general, the average removal of PAHs found in this study is
higher than the levels reported in the literature. For instance, Spon-
za and Gok (2010) reported removal levels of 74% for PHE, 60% for
PYR and 37% for BaA when operated in an aerobic STB during
25 days. Also, Trably and Patureau (2006) worked in a continuous
bioreactor at a hydraulic retention time of 20 days, to achieve
about 90% of PHE biodegradation while Nasseri et al. (2010)Fig. 2. Biomass concentration (a) and PAHs degradation proﬁles (b) in STB cultures
of bacterial consortium LB2 in MM at 300 rpm, 0.17 vvm and 37 C: (d) PHE; (j)
PYR, (N) BaA, (}) PHE + PYR + BaA, proﬁles individually (full symbols) and mixed
(void symbols). Experimental data are represented by symbols and logistic model
by solid lines.needed 3 weeks to reach 87% of remediation in Pseudomonas cul-
tures carried out in a slurry phase bioreactor. Similar levels were
concluded by Venkata et al. (2008) when tackling PYR biodegrada-
tion in a slurry phase reactor operating at a retention time of 120 h
only when they used a bioaugmentation technique. Otherwise they
just reached about 34% of degradation. All these results highlight
the efﬁciency of the biological process proposed in this work.
When all the contaminants were present simultaneously in the
biological process, the results obtained are even better, since a to-
tal degradation of PHE, PYR and BaA is achieved as it is shown in
Supplementary information (Fig. S1a). It must be also noted that
the analysis of the experimental data in the light of the Luedeking
and Piret model allow concluding a similar trend than that ob-
served at ﬂask scale (even magniﬁed), since a higher dependence
on the biomass-related parameter m is ascertained in all cases.
Sometimes, PAHs removal is due to its biosorption on the bio-
mass. Hence, a study tackling the quantiﬁcation of the selected
contaminants on biomass samples was ascertained. In all cases,
the data obtained have shown that a maximum of 17% of the
PAH present is adsorbed on the biomass, thus revealing that con-
taminant biodegradation is taking place.
As a conclusion of the successful scaling up, it can be stated that
the metabolic cooperation by several microorganisms may result
in enhanced PAHs utilization, since metabolic intermediates pro-
duced by some organisms may serve as substrates for the growth
of others. Also, a comparison between the data obtained for this
consortium and a single bacteria Pseudomonas stutzeri is shown
in Table 3, and much higher degradation levels are obtained when
using the consortium.
3.4. Identiﬁcation of metabolites present in the biodegradation process
During the last years, the research of the metabolic routes fol-
lowed to degrade PAHs has been the subject of a booming scientiﬁc
interest (Peng et al., 2008; Haritash and Kaushik, 2009; Parales and
Haddock, 2004). Although both aerobic and anaerobic biodegrada-
tion can take place, the latest is the most prevalent process to re-
move aromatic pollutants from the environment. Aerobic
biodegradation mechanisms require the presence of molecular
oxygen for initiating the enzymatic attack to PAHs rings. Although
oxygen is not the only electron acceptor, it is the most common
one in bacterial respiration, also participating in the activation of
the substrate via oxygenation reactions (Cao et al., 2009; Díaz,
2004). Thus, the initial step generally includes the oxidation of
the benzene ring by mono or dioxygenase enzymes, leading to con-
vert the aromatic compound to dihydroxy aromatic intermediates
(dihydrodiols) which are further dehydrogenated to form dihy-
droxylated compounds. Then, an ortho-cleavage pathway or aTable 3
PAHs biodegradation kinetic parameters deﬁning the logistic model in cultures at
bioreactor scale of microbial consortium LB2 and P. stutzeri.
PAHs Scale Pseudomonas stutzeri Consortium LB2
Dmax (%deg) lD (h1) Dmax (%deg) lD (h1)
PHE Flask 92.351 0.038 92.327 0.135
PYR 62.357 0.035 88.384 0.069
BaA 93.990 0.070 97.789 0.088
PHE-Mx 59.810 0.036 73.603 0.121
PYR-Mx 56.547 0.024 73.750 0.092
BaA-Mx 81.044 0.077 86.321 0.173
PHE STB 94.729 0.186 99.301 0.191
PYR 78.285 0.019 99.621 0.120
BaA 81.297 0.045 97.112 0.109
PHE-Mx 100.000 0.035 100 0.070
PYR-Mx 98.467 0.032 100 0.081
BaA-Mx 100.000 0.035 100 0.069
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extradiol ring-cleaving.
The ring cleaved intermediates, such as protocatechuates and
catechols, are then subjected to subsequent central pathways lead-
ing to central intermediates that are further converted to Krebs
cycle intermediates (TCA) (Cao et al., 2009; Cerniglia et al., 1994;
Gibson and Jerina, 1975).
Such metabolites coming from the PAHs can be equal or more
toxic, so it is important to learn about the main pathway followed
by this particular bacterial consortiumtodegrade the contaminants.
Since PHE structure is present in carcinogenic high molecular
weight (HMW) PAHs like a BaA, it was used as a model compound
to elucidate the main mechanism present in aerobic bacterial PAHs
biodegradation (Mrozik, 2003; Parales and Haddock, 2004). Two
different products were identiﬁed in PHE degradation by LB2
consortium that allows concluding that degradation route follows
the protocatechuate via, instead of the salicylate one, by the deter-
mination of the precursor of protocatechuic acid, o-phthalic acid
(diethylphtalate, as can observed in Supplementary information –
Fig. S1b). This results match with those achieved by Doddamani
and Ninnekar (2000) which found 1-hydroxy-naphthoic acid as
the main intermediate formed during PHE biodegradation by B.
pumilus (one of the two main strains identiﬁed in the LB2
consortium).
Although there are a variety of papers tackling PAHs biodegra-
dation, the cleavage of HMW PAHs, like PYR and BaA, is not as well
understood yet. PYR, a pericondensed four ring PAH was often used
as a model HMW PAHs for biodegradation (Zheng et al., 2007).
Since metabolites detected like 1-hydroxy-2-naphthoic acid,
phthalic acid were identiﬁed by GCMS analyses, it can be
concluded that after initial dioxygenation steps, PYR could be
transformed in 3,4-dihydroxyphenanthrene, which is also an inter-
mediate detected in PHE degradation. As a conclusion, it can be
stated that degradation of PYR is reached through a known path-
way involving an initial dioxygenation. According to this suggested
pathway, Khanna et al. (2011) found 9-methoxyphenanthrene and
phthalate as metabolic intermediates when studied PYR degrada-
tion by B. pumilus isolated from crude oil contaminated soils. The
schematic pathway proposed for the degradation of PYR by the
bacterial consortium LB2 is shown in the Supplementary informa-
tion (Fig. S2).
Little is known about the bacteria able of utilizing PAHs con-
taining four or more rings as benzo[a]pyrene and BaA. The
mechanisms involved in the degradation of PAHs with more than
four rings are unclear. Mrozik (2003) reported pathways for the
partial degradation of BaA by bacteria such Beijerinckia and
Mycobacterium, which involves initial steps of dyoxygenation,
which consequently leads to different diols (see Supplementary
information – Fig. S2). According to the metabolites detected by
GCMS (Supplementary information – Fig. S1b) and plotted in
Fig. 2 of the ESI, diols could be formed in position 8–9 or 10–11
(Supplementary information – Fig. S2a and b); and, after a few
steps, compounds like 3,4-dihydroxyphenanthrene (intermediate
detected by GCMS) can be formed. Metabolites like phenanthrol
(which is a target compound detected in the PHE pathway) conﬁrm
these speciﬁc routes as possible pathways to degrade BaA (Zhong
et al., 2011).4. Conclusions
A PHE, PYR and BaA-metabolizing bacterial consortium LB2 was
isolated and identiﬁed as a potential LMW and HMW PAHs degra-
der. The genetic identiﬁcation through 16 rDNA techniques
allowed identifying two different gram positive bacteria as
S. warneri and B. pumilus, being this work the ﬁrst time that theyare proposed as biodegradation agents. The efﬁciency of the
selected consortium LB2 on PAHs degradation was ascertained at
ﬂask scale for each single contaminant and for all of them making
up a PAHs mixture. Finally, the main degradation pathways were
elucidated for the selected PAHS.Acknowledgements
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Abstract 6 
Contamination of the environment with polycyclic aromatic hydrocarbons (PAHs) is one of 7 
the major problems facing the industrialized nations today. In this work, Pseudomonas 8 
stutzeri CET 930 was studied for the first time as bioremediation agent for the degradation 9 
of effluents containing Phenanthrene (PHE), Pyrene (PYR) and Benzoanthracene (BaA), 10 
both individually and mixed. The promising results of degradation obtained at flask scale 11 
(92, 63 and 94% in 7 days, respectively) marks the onset of the operation at bench-scale 12 
bioreactor. The overall biotransformation of PHE, PYR and BaA in batch operation mode 13 
was 95, 78 and 82 % when present individually, and 100, 98 and 100% when carrying out 14 
the biological process in cometabolic conditions. In all cases, the experimental data were 15 
successfully fitted to models, which turned out to be valuable tools to classify the 16 
metabolites involved in the biodegradation process as biomass-related. Since a complete 17 
mineralization was pursued, the metabolic pathways of the studied contaminants have been 18 
proposed for the first time based on GC-MS data. 19 
 20 
Keywords: Bioremediation, Pseudomonas stutzeri, PAHs, bioreactor, metabolic pathway. 21 
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1. Introduction 24 
 25 
Polycyclic aromatic hydrocarbons (PAHs) are common environmental pollutants that 26 
contain at least two or more fused aromatic rings in linear, angular or cluster arrangements. 27 
They represent a large and heterogeneous group of hydrophobic organic pollutants and their 28 
presence in the environment is caused by natural and anthropogenic events, such as forest 29 
and rangeland fires or the incomplete combustion of fossil fuels and petroleum (Haritash 30 
and Kaushik, 2009).  31 
Among the major pollutants, PAHs are widely distributed environmental contaminants that 32 
are known to exert acutely toxic effects and/or possess mutagenic, teratogenic, or 33 
carcinogenic properties (Simarro et al., 2011). Due to all these reasons, the US 34 
Environmental Protection Agency (USEPA) and the Agency for Toxic Substances and 35 
Disease Registry have proposed some of them as apriority pollutants (Lalucat et al., 2008). 36 
Although PAHs may be removed by physical (volatilization, photolysis, and adsorption), 37 
chemical (chemical oxidation, photocatalysis) or biological (biosorption or biodegradation) 38 
techniques, the latter are considered a major route for their complete degradation. Microbial 39 
activities allow the mineralization of this kind of compounds into carbon dioxide and water. 40 
The potentiality of microbes as degradation agents of several PAHs thus indicates 41 
biological treatment as the major promising alternative to attenuate the environmental 42 
impact caused by PAHs (Janbandhu and Fulekar, 2011). Usually, there are many factors 43 
that influence the outcome of a biodegradation process. However, the microbial agent, the 44 
chemical structure of the pollutant and the environmental conditions are the most 45 
outstanding ones (Li et al., 2008). Biodegradation pathways involve breakdown of organic 46 
3 
 
compounds, being ring fission by intracellular oxidation and hydroxylation the typical 47 
initial steps. 48 
The efficiency of PAHs biodegradation under natural conditions is limited by their poor 49 
bioavailability, as a consequence of their low aqueous solubility and high hydrophobicity, 50 
which together with their high adsorption coefficient and high thermodynamic stability 51 
make up inherent features of this kind of pollutants (Cao et al., 2009). Bearing in mind 52 
these properties, considerable efforts have been focused on the enhanced solubility of these 53 
compounds with the addition of surfactants, amphiphilic molecules that increase the 54 
solubility of hydrophobic compounds by decreasing the interfacial surface tension at the 55 
aqueous/organic interphase. In this way, Sponza et al. (2010) reported that surfactants have 56 
been shown to enhance both biodegradation and reaction rate, and Bautista et al. (2009) 57 
have even confirmed that Tween 80, a non ionic surfactant, was used as carbon source by a 58 
Pseudomonas strain. 59 
During the last years, a wide phylogenetic diversity of bacteria belonging to genus 60 
Arthrobacter (Guo et al., 2008), Burkholderia (Kim et al., 2003), Pseudomonas (Chavez et 61 
al., 2004), Rhodococcus (Dean-Ross et al., 2002) and Sphingomonas (Madueno et al., 62 
2011), among others, have been reported to be able to degrade PAHs. More specifically, 63 
bacteria from the genus Pseudomonas, which is present in a large number of different 64 
natural and contaminated environments, have been the subject of a great scientific interest 65 
due to both their high degree of physiological and genetic adaptability and their efficient 66 
capacity to aerobically degrade a wide range of aromatic compounds. From previous results 67 
of our group and information coming from the literature, P. stutzeri strains has been 68 
demonstrated to be a promising microbial agent able to metabolize compounds like PHE 69 
4 
 
and PYR (Moscoso et al., 2012; Seo et al., 2009; Kazunga et al., 2000). However, this is 70 
the first time that P. stutzeri is proposed for Benzo[a]anthracene (BaA) degradation. 71 
Frequently, contaminated sites and effluents are characterized by the occurrence of 72 
complex mixtures of several pollutants which is translated into an increased complexity of 73 
the biodegradation process. Since PAHs make up a group of persistent compounds, 74 
different strategies have been tackled to succeed in their biodegradation, such as 75 
cometabolism (Pathak et al., 2009; Klankeo et al., 2009). 76 
In this work, PHE (a three aromatic ring molecule), PYR and BaA (both with four aromatic 77 
rings) have been used as models of Low Molecular Weight (LWM) and High Molecular 78 
Weight (HWM) hydrocarbons to propose a viable biodegradation strategy. After assessing 79 
the biodegradability of an effluent containing each contaminant separately, the process was 80 
approached with a mixture of the three compounds. The bioremediation strategy was 81 
scaled-up from shake flasks to stirred tank bioreactor. Up to our knowledge, this is the first 82 
time that the bacterial strain Pseudomonas stutzeri was used for proposing a viable 83 
degradation treatment of BaA, individually and mixed with other PAHs. 84 
2. Materials and methods 85 
2.1 Microorganism 86 
The bacterial strain Pseudomonas stutzeri CECT 930 used in this study was obtained from 87 
the Spanish Type Culture Collection (ATCC 17588). P. stutzeri was inoculated in plates 88 
containing PS medium. The composition of this medium is (per litre): yeast extract 2 g, 89 
meat extract 1 g, casein peptone 5 g, NaCl 5 g, agar 15 g  (pH 7.2). The plates were 90 
incubated at 26ºC for 5 days. P. stutzeri is a gram-negative, rod-shaped and single polar 91 
flagellated bacterium (Lalucat et al., 2006). 92 
2.2 Chemicals and culture media 93 
5 
 
Phenanthrene (PHE), Pyrene (PYR) and Benzo[a]anthracene (BaA) (purity higher than 99 94 
%) used in degradation experiments were purchased from Sigma Aldrich (Germany). 95 
Relevant properties of these compounds are shown in Table 1. The non ionic surfactant 96 
Tween 80 was supplied by Merck. All chemicals used were at least, reagent grade or better. 97 
PAHs stock solutions were 5 mM in acetone. 98 
Minimal medium (MM) was used for biodegradation experiment. The medium composition 99 
was as follows (per litre): Na2HPO4·2H2O 8.5 g, KH2PO4 3.0 g, NaCl 0.5 g, NH4Cl 1.0 g, 100 
MgSO4·7H2O 0.5 g, CaCl2 14.7 mg. MM also contained trace elements (per litre): CuSO4 101 
0.4 mg, KI 1.0 mg, MnSO4·H2O 4.0 mg, ZnSO4·7H2O 4.0 mg, H3BO3 5.0 mg, 102 
H2MoO4·2H2O 1.6 mg, FeCl3·6H2O 2.0 mg. A concentrated stock solution containing these 103 
salts was prepare and added to the medium (2mL/L). 104 
2.3 Biodegradation cultures 105 
2.3.1 Flask scale 106 
Biodegradation experiments were carried out in 250-mL Erlenmeyer flasks with 50 mL of 107 
MM, containing 1% w/v of surfactant Tween 80, and 2% v/v of a stock solution, in order to 108 
achieve the solubilization of the PAHs (up to 100 M). The non ionic surfactant Tween 80 109 
was chosen since non ionic surfactants are less toxic to bacteria than anionic and cationic 110 
surfactants (Sartoros et al., 2005). Each flask, capped with cellulose stoppers, was 111 
inoculated (3%) with actively growing cells in exponential phase (24h). Cultures were 112 
incubated in the darkness for 7 days in an orbital shaker at 37ºC, initial pH 8.0, and 150 113 
rpm. Samples were withdrawn at different times to monitor PAHs biodegradation and cell 114 
density. All experiments were carried out in triplicate and the values shown in figures 115 
correspond to mean values with a standard deviation lower than 15%. 116 
6 
 
 2.3.2 Bioreactor scale 117 
For the scaling up of the process, a stirred tank bioreactor (Biostat B, Braun, Germany) 118 
similar to that reported elsewhere was used (Moscoso et al., 2012). It was filled with the 119 
medium described above containing 100 M of each individual PAH as well as with a 120 
mixture of them (each one at 100 M). Temperature was maintained at 37°C by circulation 121 
of thermostatted water, and the inicial pH was adjusted to 8. Bioreactor was inoculated with 122 
actively growing cells from 24 hours flask cultures (3% v/v). Air was supplied 123 
continuously at 0.17 vvm and samples were taken regularly during the experimental period. 124 
2.4 Analytical Methods 125 
2.4.1 Cell growth determination 126 
Biomass concentration was measured by turbidimetry at 600 nm, and the obtained-values 127 
were converted to grams of cell dry weight per litre using an experimental calibration 128 
curve. 129 
2.4.2 PAHs analysis 130 
PHE, PYR and BaA concentrations in the culture media were analysed by reversed-phase 131 
high performance liquid chromatography (HPLC) equipped with a reversed phase C8 132 
column (150-x-4.6mm, 5 m-particule-size, Zorbax Eclipse) with its corresponding guard 133 
column. The HPLC system was an Agilent 1100 equipped with a quaternary pump and 134 
photodiode array UV/Vis detector (252.4 nm). 5 L of filtered cultivation media (through a 135 
0.45-µm Teflon filter) were injected and then eluted from the column at flow rate of 1 mL 136 
min -1 using an acetonitrile : water (2:1) as a mobile phase. 137 
In order to identify intermediate compounds formed during the degradation process, 138 
aliquots of 5 mL were extracted twice with 5 mL of chloroform. The organic phase 139 
extractions were combined and dried over with anhydrous sodium sulphate (Zhao et al., 140 
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2009). 1 L of this organic phase was analyzed using an Agilent GC 6850 gas 141 
chromatograph equipped with a HP5 MS capillary column (30 m x 250 m film thickness x 142 
0.25 mm, Agilent), operating with hydrogen as carrier gas, coupled to an Agilent MD 5975 143 
mass spectrometer (MS). The GC injector was operated in splitless mode, 1 L aliquots 144 
were injected using an autosampler; GC oven was programmed to hold 50 ºC for 4 min, 145 
then raise the temperature by 10 ºC/min to 270 ºC, which was held for 10 min. PAHs 146 
degradation products were identified by comparison with the NISTS search 2.0 database of 147 
spectra. 148 
3.- Results and discussion 149 
3.1 Growth and biodegradation of PAHs in cultures at flask scale 150 
First of all, the efficiency of P. stutzeri for the degradation of PHE, PYR and BaA, both 151 
individually and mixed, was ascertained at small scale. As reported Lalucat et al. (2006), 152 
this species of bacterium can grow diazotrophically, and in minimal salts medium with 153 
ammonium ions or nitrate and a single organic molecule, like PHE, PYR and BaA as the 154 
sole carbon and energy source.  155 
A variety of microbial growth and biodegradation kinetic models have been developed, 156 
proposed and used by many researchers. Such models allow the calculation of the time 157 
required to reduce a contaminant to a certain concentration, the estimation of how long it 158 
will take before a selected concentration will be attained and to predict the amount of 159 
biomass production achievable at a given time. In this particular case, all experimental data 160 
were fitted to a logistic model (Eq. 1), where A is the biomass (X, g/L) or the degradation 161 
rate (D, %) at a specific moment of the culture time t (h), A0 and Amax  are the initial and 162 
maximum biomass (X0 and Xmax, g/L) or the initial and maximum degradation rate (D0 and 163 
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Dmax, %) and b is the maximum specific growth rate (, h-1) or the maximum specific 164 
degradation rate (D, h-1).  165 
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From the data depicted in Figure 1, and the values of the parameters presented in Table 2, it 167 
is clear that the logistic model adequately fits to the experimental data (R2 > 0.96 in all 168 
cases). All the experimental data were fitted to these equations by using the SOLVER 169 
function in Microsoft EXCEL.  170 
The analysis of the biomass parameters, listed in Table 2, allows one concluding the 171 
existence of quite higher levels of maximum biomass, similar to those reported by Moscoso 172 
et al. (2012) for the degradation of PHE at flask scale. In relation to the growth rate, the 173 
levels are much higher than those reported by Obayori et al. (2008) when studied PYR 174 
biodegradation by a Pseudomonas species isolated from polluted tropical soils (0.024 h-1). 175 
It is noticeable that the introduction of a mixture of the three PAHs leads to a decrease both 176 
in the maximum biomass levels and growth rate.  177 
With regard to the degradation parameters (Figure 1b and Table 2), it seems clear that quite 178 
different maximum levels are reached depending on the PAH used. Thus, while the overall 179 
biotransformation of PYR was only 63 % in 7 days, the levels corresponding to BaA and 180 
PHE reached about 94 and 92%, respectively. This behaviour can be explained in terms of 181 
the different structure of PYR, which contrarily to the linear molecules PHE and BaA, is a 182 
pericondensed molecule, which stands for a higher difficulty to be accessed and 183 
consequently to be transformed. Despite the lower values, it should be remarked that the 184 
results obtained are promising since they entail a quantitative amelioration in the times 185 
9 
 
required to reach the maximum, when compared with the data reported Obayori et al. 186 
(2008) (30-days incubation period to reach similar levels of biodegradation). 187 
Also, the introduction of a mixture containing PHE, PYR and BaA entails a reduction in the 188 
maximum levels of biodegradation of all the contaminants, as could be envisaged from the 189 
analysis of the biomass parameters. Sartoros et al. (2005) studied cometabolism of 190 
Anthracene (ANT - tricyclic aromatic hydrocarbon, similar to PHE but with a linear 191 
structure) and PYR in order to show the ability of the microbes to degrade hydrocarbons 192 
individually, indicating that the degradation of these two PAHs was not dependent on 193 
cometabolism (in 12 days 100 % of PYR was transformed while ANT degradation was 194 
80%). According to these results, some authors suggested that the simultaneous bacteria-195 
mediated PAHs biodegradation was strongly influenced by their different bioavailabilities 196 
(González et al., 2011; Silva et al., 2009; Peng et al., 2009). 197 
It should be highlighted that, despite the existing reduction in the maximum degradation 198 
yields attained, the values are still very promising, since a minimum of 60% is obtained 199 
after just one week of treatment.   200 
One approach to characterize substrate biodegradation, in order to define a set of factors or 201 
variables affecting the kinetics of biodegradation and identifying an appropriate kinetic 202 
model correlating specific growth rate and PAHs removal can be obtained by applying the 203 
model reported by Marques et al. (1986) and exhaustively explained in previous works of 204 
the group (Deive et al., 2010). 205 
 (Eq. 2)
 206 
  207    

 














 



 t
t
t
e
X
XXn
e
X
X
emXDD 


 11ln1
11 max
0max
max
0
00
10 
 
 208 
This equation allows defining biodegradation as a function of a growth-associated 209 
parameter” (m), or/and a “non-growth associated” parameter (n). The values obtained are 210 
presented in Table 2. It becomes patent that the biodegradation process is more dependent 211 
on the biomass production, since in all cases m is, at least, more than nine times higher than 212 
n.  213 
3.2 Growth and biodegradation cultures at bench scale bioreactor 214 
After having checked the viability of the biodegradation of the selected PAHs mixture at 215 
flask scale, the study was approached at bioreactor scale. The biodegradation experiments 216 
in a 5L bioreactor were operated in batch mode to study the scale up effect from 250 mL-217 
shake flasks. The batch was initially run for single substrate degradation study with a PAH 218 
concentration of 100 M, to finally introduce a mixture of the three selected PAHs at 100 219 
M each, following the same strategy used at flask scale. The bioreactor used was fitted 220 
with a Rushton turbine driven by a DC motor, in order to provide the culture with an 221 
increased mass transfer, which could ultimately allow enhancing the bioavailability of the 222 
contaminants.  223 
Therefore, the results of cellular concentration and biodegradation obtained after carrying 224 
out the biological reactions are shown in Figure 2, and the kinetic parameters defining the 225 
microbiological process are also listed in Table 2. It can be checked that the levels of 226 
biodegradation reached are higher (PHE 95 %, PYR 78, and BaA 81 %) than those 227 
obtained at flask scale, thus confirming our preliminary hypothesis of a possible higher 228 
bioavailability of the pollutant. In general, these levels are higher than those reported in the 229 
literature. For instance, Trably and Patureau (2006) worked in a continuous bioreactor at an 230 
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hydraulic retention time of 20 days, to achieve about 90% of PHE biodegradation while 231 
Nasseri et al., (2010) needed 3 weeks to reach 87% of remediation in Pseudomonas cultures 232 
carried out in a slurry phase bioreactor. In the same way, Ventaka et al., (2008) investigated 233 
the use of bio slurry phase reactors to degrade PYR at 120 h of HRT, reaching similar 234 
levels of degradation as those reported in this work. 235 
On the other hand, a final experiment was performed to check the ability of the selected 236 
strain to biodegrade a mixture of all the contaminants. Since percentages of removal for the 237 
three contaminants is higher, reaching an almost complete degradation in all cases (100% 238 
of PHE, 98% of PYR and 100 % of BaA) we can conclude that the hydrodynamic setting 239 
existing inside the bioreactor further the cometabolic degradation of the three contaminants. 240 
The values obtained are also superior to those reported by Sponza et al. (2010), who studied 241 
the removal of PAHs from petrochemical wastewater using an aerobic stirred tank 242 
bioreactor during 25 days (74% PHE, 60% PYR and 37% BaA). 243 
Silva et al. (2009) reported that PAHs cometabolization could strongly alter the final results 244 
of biodegradation in a given remediation process, since the degradation of one type of PAH 245 
can affect the degradation of other PAH. In this way, in our case, a LMW PAH such as 246 
PHE, may affect the degradation of a HMW PAH, such as PYR and BaA, and vice versa, 247 
via cometabolism, induction of enzyme activities by related degradation intermediates or 248 
via competitive inhibition or toxicity (Dean-Ross et al., 2002). The metabolic cooperation 249 
by several microorganisms may result in enhanced PAH utilization, since metabolic 250 
intermediates produced by some organisms may serve as substrates for the growth of 251 
others, and further studies taking into account a microbial consortium should not be 252 
discarded. 253 
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Finally, the analysis of the Luedeking and Piret parameters allow confirming the same 254 
behaviour found at flask scale, with a stronger dependence of degradation on the biomass 255 
parameter m (50 times higher than n in some cases). This behaviour is coincident with what 256 
was found in other biological processes devoted to the degradation of dyes or to the 257 
production of metabolites (Deive et al., 2009, Deive et al., 2010). 258 
3.3. Identification of metabolic pathway of PAHs 259 
It is well known that PAHs can be biodegraded by several groups of microorganisms. 260 
Among them, P. stutzeri stands out as an ubiquitious bacterium with a high degree of 261 
physiological and genetic adaptability (Lalucat et al., 2006). Therefore, the last step of this 262 
work consisted of elucidating the metabolic pathways followed to degrade this kind of 263 
compounds. Proven the low levels of biomass adsorption (maximum levels around 15%) a 264 
biotransformation of the contaminants is foreseen. Usually, aerobic catabolism of PAHs 265 
involves a wide variety of peripherical degradation pathways that transform substrates into 266 
a small number of common intermediates that can be further processed by a new central 267 
pathway to tricarboxilic acid (TCA) cycle intermediates (Peng et al., 2008; Mrozik et al., 268 
2003; Cerniglia, 1993 and 1994). 269 
It has long been known that the initial step in the aerobic catabolism of a PAH molecule by 270 
bacteria occurs via oxidation of the PAH to a dihydrodiol by a multicomponent enzyme 271 
system (Zhong et al, 2011). These dihydroxylated intermediates may then be processed 272 
through either an ortho cleavage type of pathway or a meta cleavage type of pathway, 273 
leading to central intermediates such as protocatechuates and catechols, which are further 274 
converted to tricarboxylic acid cycle intermediates (van der Meer et al., 1992). Hence, as 275 
reported Cao et al. (2009), metabolites of naphthalene, such naphthalene dihydrodiols are 276 
potentially more bioavailable and could be more toxic than naphthalene precursor, further 277 
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demonstrating the importance of analysing the metabolic route for degrading the 278 
contaminants.  279 
Previous results of our group (Moscoso et al., 2012) allowed the elucidation of the 280 
metabolic degradation pathway of the LMW PHE. From the detection of two different 281 
products, we could demonstrate that it was degraded trough protocatechuate route instead 282 
of the salicylate one. These results will also serve to support the study of the metabolic 283 
routes followed to degrade the HMW PAHs, PYR and BaA. 284 
Despite the increasing interest in PAH biodegradation, the metabolization of HMW PAHs 285 
is not as well understood yet. Thus, PYR, a pericondensed four ring PAH with a similar 286 
structure to several carcinogenic PAHs was often used as a model HMW PAHs for 287 
biodegradation (Zheng et al., 2007). Metabolites like 1-hydroxy-2-naphthoic acid, phthalic 288 
acid and cinnamic acid (although their abundance is insignificant in relation to phatalic 289 
acid, which is the main compound in PHE degradation) were identified by GC-MS 290 
analyses. It can be conclude that after a initial dioxygenation steps, well described in the 291 
literature (Seo et al., 2009) PYR transforms in 3,4-dihydroxyphenanthrene, which is also an 292 
intermediate detected in PHE degradation. Therefore, it can be confirmed that PYR could 293 
be mineralized following PHE pathway, as described previously (Moscoso et al., 2012). 294 
The schematic pathway proposed for the degradation of PYR by bacteria P. stutzeri is 295 
shown in Figure 3. 296 
However, very little is known about the bacteria able of utilizing PAHs such as 297 
benzo[a]pyrene and BaA. Actually, up to our knowledge this is the first time that the 298 
pathway for the bacterial degradation of BaA is presented. The degradation route proposed 299 
for BaA is depicted in figure 4, and the main metabolites identified by GC-MS data are 300 
summarised in Table 3. As it could be envisaged, the initial steps include a dioxygenation 301 
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with the consequent production of 3 different diols, Depending on the position, several 302 
pathways can be followed. Diols can be formed in position 8-9 or 10-11 (Figure 4 a,b). In 303 
this case, after a few steps, compounds like 3,4-dihydroxyphenanthrene were detected by 304 
GC-MS. Metabolites like phenanthrol, which is a target compound detected in the PHE 305 
pathway, confirm these specific routes as possible pathways to degrade BaA. On the other 306 
hand, metabolites like anthraquinone, a typical metabolite formed during the degradation of 307 
the anthracene (and more common intermediate in fungus degradation), confirm the 308 
viability of the formation of 1-2 benzoanthrazenediol (Figure 4c), which can be 309 
transformed in anthracene and subsequently in anthraquinone. This compound was also 310 
detected by HPLC data, during the first stages of the degradation process. 311 
4.- Conclusions 312 
Biodegradation of different studied PAHs, involving 3-4 rings has been successfully 313 
reached by the selected bacterium, P. stutzeri. Different rates of growth and degradation 314 
were reached depending of the structure of each PAH, scale used (flask vs bioreactor) and 315 
also on the metabolic conditions. This study also confirmed the promising potential of the 316 
microorganism used to degrade mixed PAHs, given the excellent results of degradation in 317 
cometabolic conditions, which are the most probably found in real effluents. The logistic 318 
and Luedeking and Piret type models were suitably fitted to the experimental data which 319 
allowed a new insight in the kinetic characterization of the biodegradation process. Finally, 320 
GC-MS data served our goal to propose a possible pathway route to mineralize HMW 321 
PAHs like PYR and BaA.  322 
 323 
 324 
 325 
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CAPTION TO FIGURES AND TABLES 447 
FIGURE 1. Biomass concentration (a) and PAHs degradation profiles (b) in flask cultures 448 
of P. stutzeri in MM at 150 rpm and 37ºC: () PHE; () PYR, (▲) BaA, () 449 
PHE+PYR+BaA, profiles individually (full symbols) and mixed (void symbols). 450 
Experimental data are represented by symbols and logistic model by solid lines. PHE data 451 
correspond to those reported by Moscoso et al. (2012) 452 
FIGURE 2. Biomass concentration (a) and PAHs degradation profiles (b) in bioreactor 453 
cultures of P. stutzeri in MM at 300 rpm, 0.17 vvm and 37ºC: () PHE; () PYR, (▲) 454 
BaA, () PHE+PYR+BaA, profiles individually (full symbols) and mixed (void symbols). 455 
Experimental data are represented by symbols and logistic model by solid lines. PHE data 456 
correspond to those reported by Moscoso et al. (2012) 457 
FIGURE 3. Proposed metabolic pathway of PYR by P. stutzeri cultured at bioreactor scale. 458 
(A) 1-hydroxy-2-naphthoic acid (B) phthalic acid and (C) cinnamic acid. 459 
FIGURE 4. Proposed metabolic pathway of BaA by P. stutzeri cultured at bioreactor scale. 460 
 461 
 462 
TABLE 1. Main physical properties of used PAHs. 463 
TABLE 2. Growth and PAHs biodegradation kinetic parameters defining the logistic and 464 
Luedeking and Piret-type models in cultures of P. stutzeri at flask and bioreactor scale. 465 
TABLE 3. Identification of metabolites produced during degradation of mixed PAHs 466 
(PHE+PYR+BaA) based on GCMS properties. 467 
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TABLE 1. Main physical properties of used PAHs  487 
 488 
 489 
 490 
 491 
 492 
Compound M.F. Structure M.W. 
B.Pt. 
(ºC) 
M.Pt. 
(ºC) 
V.P. 
(Pa at 
25ºC) 
Aqueous 
solubility 
(mg/L) 
PHE C14H10 
 
178.23 340 105.5 6.8·10-4 1.20 
PYR C16H10 
 
202.26 393 156 2.5·10-6 0.077 
BaA C18H12 
 
228.29 400 162 2.2·10-8 0.010 
26 
 
TABLE 2 493 
Experiment Biomass parameters PAHs degradation parameters Luedeking and Piret parameters 
PAHs Scale X0 (g/L) Xmax (g/L) 
 h-
1) 
R2 D0 (%deg) Dmax (%deg) D (h-1) R2 D0 (%deg) m (%deg L/g) n (%deg L/g/h) R2 
PHE* 
Flask 
0.073 0.708 0.138 0.99 1.487 92.351 0.038 0.99 1.22 9.41 0.77 0.98 
PYR 0.013 0.543 0.223 0.97 0.993 62.357 0.035 0.99 2.367 15.311 0.761 0.99 
BaA 0.001 0.687 0.433 0.96 0.661 93.990 0.070 0.99 0 15.899 0.903 0.90 
PHE-Mx 
0.016 0.594 0.191 0.98 
0.960 59.810 0.036 0.99 2.005 14.709 0.647 0.88 
PYR-Mx 1.367 56.547 0.024 0.99 0.636 7.874 0.420 0.99 
BaA-Mx 0.101 81.044 0.077 0.99 0.321 10.676 0.966 0.83 
PHE* 
 
 
Reactor 
 
0.010 0.557 0.183 0.97 1.0 94.729 0.186 0.98 3.97 121.21 0.47 0.98 
PYR 0.084 0.587 0.101 0.92 6.657 78.285 0.019 0.99 3.118 11.067 0.519 0.98 
BaA 0.049 0.635 0.193 0.99 5.000 81.297 0.045 0.98 0 29.271 0.672 0.99 
PHE-Mx 
 
0.058 
 
0.497 
 
 
0.079 
 
 
0.96 
 
6.504 100.000 0.035  0.99 0.931 75.882 0.284 0.90 
PYR-Mx 5.940 98.467 0.032 0.99 0.856 56.375 0.495 0.95 
BaA-Mx 5.809 100.000 0.035 0.99 1.187 61.418 0.502 0.96 
* Data reported by Moscoso et al (2012) 
27 
 
TABLE 3. Identification of metabolites produced during degradation of mixed PAHs 494 
(PHE+PYR+BaA) based on GCMS properties. 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 
Peak RT (min) m/z of fragment ions Structural suggestion 
1 8.26 372.3 (100), 373 (27), 374 (4) 
9-octadecenoic acid 
phenylmethylester 
2 15.15 149 (100), 165 (87), 65 (42) Terephatalate 
3 15.98 149 (100), 177 (25) Diethyl Phthalate 
4 18.46 154 (100), 125 (68) Benzenemethanol 
5 18.82 108 (100), 78 (73), 95 (73) bencenemethoxy 
6 20.03 180 (100), 208 (98), 152 (78) 
9,10-anthacenedione 
(antraquinone) 
7 24.95 149 (100), 167 (44), 279 (22) diisooctyphatalate 
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On the suitability of a bacterial consortium to implement a continuous PAHs 1 
biodegradation process in a stirred tank bioreactor 2 
F. Moscoso, I. Teijiz, M.A. Sanromán, F.J. Deive 3 
Department of Chemical Engineering. University of Vigo. 36310, Vigo, Spain 4 
ABSTRACT 5 
A new microbial consortium made up with two bacterial strains phylogenetically identified 6 
as Bacillus pumilus and Staphylococcus warneri, was obtained from lab soils polluted with 7 
Polycyclic aromatic hydrocarbons (PAHs) and heavy metals. Its PAHs degradation 8 
potential has been investigated by culturing the consortium in the presence of phenanthrene 9 
(PHE), pyrene (PYR) and benzoanthracene (BaA). The efficiency of the proposed 10 
degradation process was evaluated at flask and bioreactor scale, operating in batch and fed-11 
batch modes, as a prior step to achieve an effective biodegradation process in continuous 12 
mode. An acclimation of the consortium to the selected PAHs has been evidenced in fed-13 
batch cultures after 6 batches (90 % of degradation in less than one day). The effect of the 14 
dilution rate was analyzed in continuous stirred tank bioreactor operating for 2 months, 15 
observing that some of the dilution rates employed allowed achieving degradation rates 16 
higher than 90% per day for all the contaminants. 17 
Keywords: Benzoanthracene, Biodegradation, indigenous consortium, Phenanthrene, 18 
Pyrene,  19 
  20 
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INTRODUCTION 21 
 22 
A growing global environmental awareness is awaking an increased interest in the 23 
development of more effective technologies for the remediation of contaminated industrial 24 
locations and effluents. Polycyclic aromatic hydrocarbons (PAHs) are in the limelight due 25 
to their well-known toxicity, persistence and carcinogenic and mutagenic properties. PAHs 26 
are composed of fused aromatic rings in linear, angular, or cluster arrangements and are 27 
generated during the pyrolysis of organic material produced both from natural and 28 
anthropogenic sources.
1
 These contaminants have been listed by the US-EPA and the EU as 29 
priority pollutants.
2,3
 As a consequence of that, their presence in treated wastewater, sewage 30 
sludge and discharged industrial effluents has been subjected to a tightening legislative 31 
control by the governments. Therefore, it becomes clear the interest of investigating 32 
efficient methods devoted to remove these contaminants from the environment.  33 
There is a diverse portfolio of in situ and ex situ treatment alternatives, which can be 34 
classified as chemical, physical and biological.
4
 Bioremediation stands out as a cost 35 
effective and environmentally friendly strategy,
5,6
 which applicability strongly depends on 36 
the selected microbial agent, on the operating conditions and on the nature and chemical 37 
structure of the PAH.
7,8
 Different fungal (ligninolytic and non-ligninolytic) and bacterial 38 
agents have been suggested to possess the ability of metabolizing PAHs.  Thus, microbial 39 
populations isolated from a diversity of locations such as mangrove and marine sediments 40 
or municipal sewage sludges were demonstrated to be PAH degraders.
9-11
 As previously 41 
stated, another important factor influencing the efficiency of the bioremediation process is 42 
the structure and properties of the targeted compound. In general, the sparingly soluble 43 
nature of PAHs in aqueous solutions entails a low bioavailability that hinders its 44 
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metabolization by the microbial agent. Due to this, the surfactant-mediated bioremediation 45 
has emerged as a means to further PAH bioavailability and biodegradation efficiency. The 46 
addition of non-toxic biodegradable non-ionic surfactants such as Tween 80 has been 47 
successfully proposed by different authors.
12,13
 48 
One of the bottlenecks of an efficient bioremediation process is the bioreactor configuration 49 
and the operation mode. Usually, batch operation is more commonly used in 50 
biotechnological processes, as a consequence of the lower risk of contamination and the 51 
higher availability of experimental data and knowledge. Nevertheless, these systems 52 
involve high labor and processing costs, and low operating efficiencies due to start-ups and 53 
shut-downs.
14
 Another drawback of batch operation can be related to overflow metabolism, 54 
which can be overcome by operating in fed-batch mode. This operation mode allows the 55 
production of high cell densities due to the repression of inhibiting osmotic effects and catabolic by-56 
products, and has been successfully applied to the biodegradation of aromatic contaminants.
15
 In 57 
some cases, continuous culture poses an attractive alternative due to its inherent advantages such as 58 
the removal of the unproductive cleaning, sterilization and lag phases, the obtaining of a constant 59 
product quality and the reduction of labor costs.
14
 60 
Based on the above, the viability of the operation in batch, fed-batch and continuous mode for the 61 
degradation of PHE, PYR and BaA, selected as model PAHs, by a microbial consortium recently 62 
obtained in our laboratory,
16
 has been ascertained in this work. The present study is devoted to the 63 
remediation of industrial effluents containing PAHs, which are usually present as multicomponent 64 
mixtures.
17
 For this reason, a mixture of the three selected PAHs was used as the carbon and energy 65 
source. The suitability of the biological process was ascertained both at flask and bioreactor scale. 66 
A logistic model was able to satisfactorily describe the biomass concentration and biodegradation 67 
data, and serve our goal of proper characterizing the kinetics of the remediation process. 68 
EXPERIMENTAL SECTION 69 
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Chemicals and culture medium. The PAHs used in this work (Phenanthrene - PHE, 70 
Pyrene - PYR and Benzo[a]anthracene – BaA, all > 99 % purity) were supplied by Sigma 71 
Aldrich (Germany). The composition of the mineral medium (MM) has been described 72 
elsewhere.
18
 PAHs stock solutions were 5 mM in acetone and prepared just before use to 73 
avoid any possible alteration of the chemical structure of the compound. The PAHs stock 74 
solution wes added to the MM to obtain a final concentration of 100 µM for each PAH. The 75 
non-ionic surfactant Tween 80 (Merck) was also added to the MM to ease the solubilisation 76 
of the contaminants. All other solvents and chemicals used were at least, reagent grade or 77 
better. 78 
Isolation and genetic identification of PAHs degrading bacteria. PAHs degrading 79 
bacterial consortium species were isolated from historically contaminated lab soils polluted 80 
with PAHs and heavy metals, by using an enrichment culture technique. Soil (10 g) was 81 
suspended in 100 mL of MM with 100 µM BaA as sole carbon source and 1% Tween 80 as 82 
solubilising agent and was incubated with shaking at 150 rpm and 30 ºC in the dark. After 83 
one week, 10 mL of this culture were used as inoculum in fresh MM (100 mL) containing 84 
the same concentration of BaA as above and incubated under the same conditions. 85 
Repeated transfers were carried out in fresh MM amended with BaA till a stable BaA-86 
degrading bacterial consortium was obtained showing consistent growth and PAH 87 
degradation. After several transfers, a stable bacterial consortium was obtained and it was 88 
designated as consortium LB2. Strain isolation was carried out by the 13-streak plate 89 
method, which consisted of a mechanical dilution of the samples on the surface of agar 90 
plates which were incubated at 30 ºC. Solid agar plate was composed of (g/L): NaCl 3, 91 
Page 4 of 23
ACS Paragon Plus Environment
Industrial & Engineering Chemistry Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5 
 
peptone 10, yeast extract 5 and agar 15. After isolation, the microorganisms were 92 
maintained in PDA plates. 93 
The isolated strains making up the consortium LB2 were gram negative bacteria and the 94 
genera present turned out to be Staphylococcus and Bacillus. Data based on the 16S rRNA 95 
sequence of the isolates, indicated a close match with the sequences of Staphylococcus 96 
warneri (100% homology) and Bacillus pumilus (99% homology) available in public 97 
databases of GeneBank (http://www.ncbi.nlm.nih.gov/) by using BLAST. 98 
PAHs Biodegradation assays at different scales 99 
Flask scale. Biodegradation experiments were carried out in 250-mL Erlenmeyer flasks 100 
with 50 mL of medium describe above. Each flask, capped with cellulose stoppers, was 101 
inoculated (3%) with actively growing cells in late exponential phase (24h). Cultures were 102 
incubated in the darkness for 7 days in an orbital shaker at 37.5ºC and 150 rpm. These 103 
conditions were determined after having carried out a factorial experimental design. For 104 
fed-batch cultures, different additions of the contaminants (to reach 100 µM concentration 105 
of each PAH) were performed during one month of cultivation. Samples were withdrawn at 106 
different times to monitor PAHs biodegradation and biomass concentration. All 107 
experiments were carried out in triplicate and the values shown in figures correspond to 108 
mean values with a standard deviation lower than 15%. 109 
Stirred tank bioreactor scale. A 5-L stirred tank bioreactor (Biostat B, Braun, Germany) 110 
was used for the scaling up of the process, as described in previous studies of our research 111 
group.
18,19
 It was filled with MM containing 100 µM of each individual PAH as well as 112 
with a mixture of all of them (each one at 100 µM). Temperature was maintained at 37.5°C 113 
by circulation of thermostated water, and the initial pH was adjusted to 7.5. Actively 114 
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growing cells from 24 hours flask cultures (3% v/v) were used to inoculated it. Air was 115 
supplied continuously at 0.17 vvm and samples were taken regularly during the 116 
experimental period. The operation at continuous mode was achieved by adding and 117 
removing medium continuously at different dilution rates. 118 
Analytical Methods 119 
Cell growth determination. Biomass concentration was measured by turbidimetry at 600 120 
nm in a UV-Vis spectrophotometer (Unicam Helios β, Thermo Electron Corp.), and the 121 
obtained-values were converted to grams of cell dry weight per liter using an experimental 122 
calibration curve (Biomass concentration (g/L) = 0.5415xAbsorbance). 123 
PAHs kinetic degradation. PHE, PYR and BaA concentrations in the culture media were 124 
analyzed by using a HPLC system (Agilent 1100) equipped with a reversed phase XDB-C8 125 
column with its corresponding guard column, as described in previous studies of the 126 
group.
16,19
 The concentration of each PAH was calculated from a standard curve based on 127 
peak area using the absorbance at 252.4 nm (photodiode array UV/Vis detector). The 128 
injection volume was set at 5 µL (of centrifuged cultivation media filtered through a 0.45-129 
µm Teflon filter) and the isocratic eluent (67:33 acetonitrile/water) at a flow rate of 1 130 
mL/min. 131 
Metabolites identification. PAHs metabolic intermediates generated during 132 
biodegradation process were extracted (from different samples withdrawn at different 133 
times) with chloroform. Following the protocol proposed by,
20
 1 µL of this organic phase 134 
was analyzed using an Agilent GC 6850 gas chromatograph equipped with a HP5 MS 135 
capillary column (30 m x 250 µm film thickness x 0.25 mm, Agilent) operating with 136 
hydrogen as carrier gas, coupled to an Agilent MD 5975 mass spectrometer (MS). The GC 137 
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injector was operated in splitless mode, 1 µL aliquots were injected using an autosampler; 138 
GC oven was programmed to hold 50 ºC for 4 min, then raise the temperature by 10 ºC/min 139 
to 270 ºC, which was held for 10 min. PAHs degradation products were identified by 140 
comparison with the NISTS search 2.0 database of spectra. 141 
Adsorption test. The test used to evaluate PAHs biosorption over the biomass was 142 
performed by following the procedure given by Sponza and Gok (2010) with minor 143 
modifications. Briefly, 50 mL of culture medium, at the same conditions as biodegradation 144 
in flask cultures, were taken and centrifuged at 9300g and 4ºC. After removing the 145 
supernatant, biomass samples were resuspended in 5 mL of methanol in order to extract the 146 
adsorbed PAHs. Then, these samples were measured in HPLC, following the same 147 
procedure as described above. 148 
RESULTS AND DISCUSSION 149 
PAHs biodegradation by consortium LB2 at flask scale in batch and fed-batch operation 150 
mode. The achievement of a viable biodegradation process at a continuous stirred tank bioreactor 151 
compels us to appropriately characterize the process at flask scale. Previous works of the group 152 
have been focused on the investigation of the optimum operating conditions for maximum 153 
biodegradation in cultures of the consortium LB2.
16,21
 It was observed that pH 7.5 and 37.5ºC 154 
allowed reaching very high degradation levels for PAH concentration of 100 µM.  155 
Therefore, the first step of the work consisted of investigating the kinetics of the biological process 156 
at flask scale as a prior step for the operation in fed-batch mode. The strategy followed consisted of 157 
modeling the crucial bioprocess parameters, namely cell concentration and biodegradation 158 
percentage. In this sense, microbial modeling is a powerful tool for anticipating microorganism 159 
responses to certain environmental conditions and easing control of bioprocesses. This theoretical 160 
approach helps to select the operation mode that ensures the quality of the desired product, thus 161 
facilitating an efficient process design. 162 
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The performance of the biological process, shown in Figure 1, was adequately modeled by fitting to 163 
the logistic equations shown in equations 1 and 2, in which X and D are the biomass and the 164 
degradation degree at an specific moment of the culture time (t), respectively, X0 and Xmax are the 165 
initial and maximum biomass concentrations, respectively, D0 and Dmax are the initial and maximum 166 
degradation percentage, respectively, µm is the maximum specific growth rate, and µD is the 167 
maximum specific degradation rate.  168 








−





−
+
=
t
X
X
m
e
X
X
µ1ln
max
0
max
1
 (equation 1) 169 
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
−
+
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D
D
D
e
D
D
µ1ln
max
0
max
1
 (equation 2) 170 
Adjusting experimental data to models was done by an iterative procedure, based on the Newton-171 
Raphson algorithm, which seeks the values of the parameters that minimize the sum of the squared 172 
differences between the observed and predicted values of the dependent variable, applying the 173 
SOLVER function in Microsoft EXCEL. The model parameters are listed in Table 1, together with 174 
the standard deviations, calculated as indicated in equation3. 175 
( )
2/1
n
i
2
exp












−
=
∑
DAT
adjust
n
zz
DAT
σ  (equation 3) 176 
The analysis of the results allows concluding a similar trend than that recently reported for this 177 
microbial consortium.
21
 Thus, degradation levels higher than 85% are yielded for PHE, PYR and 178 
BaA, being the µm and µD between 0.1 and 0.4 h-1, which is higher than the levels reported by 179 
Obayori et al. (2008) 
22
 for the biodegradation of PYR by Pseudomonas sp. 180 
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Once the feasibility of the biological process in batch operation was demonstrated, a fed-181 
batch strategy was approached, as a means of building the foundations of the operation in a 182 
continuous stirred tank reactor (CSTR). 183 
The main characteristic of this operation mode is based on the volume addition of the 184 
selected pollutants as carbon source. Fed-batch operation mode has been considered an 185 
appealing choice in a number of well-known processes due to several advantages over 186 
batch fermenters. In this work, six pulses of the selected PAHs were added during the 187 
period of cultivation (one month) in the conditions reported for the batch cultures. The final 188 
purpose of this strategy is to concomitantly maximize the degradation percentages in a 189 
minimum time. 190 
The degradation percentage obtained for PHE, PYR and BaA are shown in Figure 2. It 191 
becomes clear that the levels of degradation are elevated for all the contaminants (higher 192 
than 90%), and it is outstanding that after several batches, the levels are even increased up 193 
to 100% of biodegradation.  194 
In addition, a crucial result is placed in the increased efficiency of the process to degrade 195 
high PAH concentrations as the number of pulses is increased. For example, while 5 days 196 
are required to reach about 70% of PHE degradation in the first batch, only 1 day is 197 
necessary to yield more than 90% of degradation in the last pulse.  The same behavior can 198 
be concluded for the cultures in the presence of PYR and BaA, with maximum degradation 199 
levels close to 100% in less than 1 day for the last batch carried out during the 4th week of 200 
cultivation. 201 
This fact evidences the existence of acclimation of consortium LB2 to PAHs. Cultures often 202 
need to be acclimated to contaminants, and this can be achieved through enrichment 203 
cultivation methods
23,24
 or repeated batches.
25
  204 
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PAHs biodegradation by consortium LB2 in a stirred tank bioreactor in continuous mode. 205 
Once the viability of the operation at fed-batch cultures was ascertained, the cultivation in 206 
CSTR was run over a total period of 60 days. The operational treatment was divided into 207 
two clearly differentiated stages: one start-up of 4 days, and the continuous process during 208 
56 days.  209 
The kinetic behaviour is an extremely important subject when a continuous industrial 210 
biological process is approached. For this reason, modeling the experimental data from the 211 
start-up is a decisive preliminary theoretical study that gives hints about the most suitable 212 
operating conditions in this operation mode. The logistic equations previously used suitably 213 
fit to the experimental data obtained, as can be concluded in the light of the regression 214 
coefficients listed in Table 1. From the values of the parameters, it is clear that the 215 
operation at stirred tank bioreactor entails benefits in terms of cell growth and PAH 216 
biodegradation, since a complete removal of the contaminants is observed, in agreement 217 
with previous findings of our group.
21
 Additionally, the value of the specific growth rate 218 
points the maximum dilution rate that can be used when operating in a continuous process.  219 
Taking into account this, different dilution rates lower than the estimated µm = 0.079 h-1 220 
(from 0.028 to 0.077 h
-1
, as listed in Table 2) were assayed in order to prevent cell wash 221 
out. The functional performance of the bioreactor in terms of PAH biodegradation and 222 
biomass concentration was investigated once the steady state was yielded. The average 223 
biomass concentration and biomass productivity is shown in Figure 3, together with the 224 
theoretical values obtained from the equation 4 describing cell growth in a CSTR.
26
 225 






−
⋅
−⋅=
D
KD
SYX
m
s
eSX µ/
 (equation 4) 226 
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where X is the biomass concentration in the outlet stream, D is the dilution rate, YX/S is the 227 
biomass-substrate yield, Se is the limiting substrate and concentration in the inlet stream 228 
(0.063 g/L), KS is saturation constant and µm is the maximum specific growth rate        229 
(0.079 h
-1
). From the experimental data, it was obtained that the values of YX/S and Ks 230 
defining this biological process are 13.1 and 2.1 mg/L, respectively. From the values 231 
presented in Figure 3, it seems clear that a suitable fitting is obtained, as also can be 232 
concluded from the adequate value of R
2
 (0.99).  233 
The obtained dilution rate causing cell wash out (D = 0.079 h
-1
) is lower than that reported 234 
by Deive et al (2010) for a continuous process to produce lipolytic enzymes, which can be 235 
due to the different microorganism used. Therefore, dilution rates lower than 0.062 h
-1
 are 236 
advisable to achieve a stable continuous culture. Regarding the biodegradation parameters, 237 
shown in Table 2, the behavior is quite different. Only high levels of degradation can be 238 
obtained when the dilution rate employed is close to the minimum (0.028 h
-1
). In this case, 239 
the degradation rates of PHE, PYR, and BaA are higher than those obtained during the 240 
start-up phase, since 87.9, 90.0 and 88.6 % per day, respectively, are reached. These results 241 
are promising when compared with those reported by Sponza & Gok (2010)
3
 or Ventaka et 242 
al (2008),
27
 since they reported maximum levels of 74% for PHE, 60% for PYR and 37% 243 
for BaA by using an aerobic stirred tank bioreactor or a slurry phase reactor, respectively.  244 
Although bioremediation techniques include both biosorption and biodegradation, the 245 
complete mineralization of the pollutants is pursued. In this particular case, it has been 246 
observed that less than 20% of PAH remains adsorbed on the microbial cells, which points 247 
to a degradation of the three contaminants. Therefore, the biodegradation products were 248 
analyzed by means of GC-MS data. It was concluded that, after an initial dihydroxilation 249 
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step, all the PAHs are biodegraded following the protocatechuate metabolic pathway, in 250 
agreement with previous studies. 
21,
 
28, 29
 251 
Finally, the operation in continuous mode can outperform batch culture by allowing a 252 
regular degradation process, as evidenced from the data shown in Figure 4. The continuous 253 
PAHs biodegradation process was carried out at a dilution rate of 0.028 h
-1
 in order to 254 
demonstrate the viability of the selected operating conditions to achieve maximum 255 
degradation rates. The elevated degradation levels attained prove the further performance of 256 
the microbial consortium in degrading polyaromatic hydrocarbons and the stable 257 
degradation ability in the proposed systems. Therefore, the obtained consortium LB2 could 258 
be used for bioremediation and for industrial wastewater treatment in continuous 259 
bioreactors. 260 
CONCLUSIONS 261 
A consortium obtained from a historically polluted soil turned out to be a suitable microbial agent 262 
for implementing a biodegradation process of a PAH-polluted effluent. The operation at flask and 263 
bioreactor scale marked the onset to investigate the influence of different operation modes on the 264 
cellular growth and biodegradation capacity. The promising results of PHE, PYR and BaA 265 
biodegradation in batch and fed-batch culture encouraged us to approach a continuous process in a 266 
stirred tank bioreactor with a mixture of all of them. The analysis of the effect of the dilution rate 267 
allows concluding an optimum degradation potential for a CSTR operating at 0.028 h
-1
, since a 268 
stable bioremediation process can be achieved for two weeks. In all cases, very high levels of PAH 269 
biodegradation are attained, as confirmed by HPLC and GCMS data.  270 
 271 
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CAPTION TO FIGURES 360 
Figure 1. Biomass concentration (void symbols) and PAHs degradation profiles (full 361 
symbols) in flask cultures of bacterial consortium LB2 in MM at 150 rpm and 37.5ºC: () 362 
PHE; (▲) PYR, () BaA. Experimental data are represented by symbols and logistic model 363 
by solid lines.  364 
Figure 2. PAHs degradation profiles in flask cultures of bacterial consortium LB2 in MM 365 
at 150 rpm and 37.5ºC: () PHE; (▲) PYR, () BaA. Dashed lines indicate the different 366 
additions throughout the fed-batch cultures.  367 
Figure 3. Influence of dilution rate on continuous culture of LB2 consortium in a stirred 368 
tank bioreactor at 200 rpm and 0.17 vvm: () biomass; () biomass productivity. Symbols, 369 
experimental data; dashed line, calculated data.. 370 
Figure 4. Biomass concentration and biodegradation profiles for continuous culture of LB2 371 
consortium in a stirred tank bioreactor at 200 rpm and 0.17 vvm at a dilution rate of 0.028 372 
h
-1
: () biomass; () PHE; (▲) PYR, () BaA. Experimental data are represented by 373 
symbols and logistic model during the start-up phase by solid lines. Dashed lines 374 
correspond to the stationary PAH degradation levels obtained. 375 
  376 
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Figure 3 386 
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Figure 4 391 
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 394 
  395 
Table 1. Growth and PAHs biodegradation kinetic parameters defining the logistic parameters in 
cultures of microbial consortium LB2 at flask and bioreactor scale in batch mode and start-up stage, 
respectively 
Experiment Biomass parameters PAHs degradation parameters 
PAHs Scale X0 (g·L
-1) Xmax(g·L
-1) µm ( h
-1) σ R2 D0 (%deg) Dmax (%deg) µD (h-1) σ R
2
 
PHE 
Flask 
0.001 0.435 0.363 0.034 0.96 0.875 85.097 0.095 0.039 0.99 
PYR 0.001 0.423 0.171 0.025 0.98 0.564 88.438 0.070 0.021 0.99 
BaA 0.004 0.438 0.095 0.033 0.97 0.049 97.554 0.102 0.018 0.99 
PHE-Mx  
CSTR 
 
     1.470 100 0.080 0.100 0.96 
PYR-Mx 0.020 0.840 0.079 0.015 0.99 1.228 100 0.074 0.024 0.99 
BaA-Mx      0.319 100 0.100 0.036 0.99 
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 396 
Table 2. Effect of the dilution rate on the biomass, cell productivity and PAH degradation for cultures carried 
out in a CSTR 
Dilution rate (h
-1
) Biomass (g/L) Cell productivity (g/L/h) 
PAH degradation rate (% degradation/day) 
PHE PYR BaA 
0.028 0.771 0.021 87.9 90.0 88.6 
0.037 0.810 0.030 55.1 73.1 55.6 
0.047 0.791 0.037 0 73.1 33.6 
0.062 0.733 0.045 0 0 14.0 
0.077 0 0 0 0 0 
 397 
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ABSTRACT 22 
Chlorpyrifos (CP) is one of the most commonly applied insecticides for control of pests 23 
and insects. Their inappropriate use has caused heavy contamination of many terrestrial 24 
and aquatic ecosystems. The main purpose of this work is to investigate novel microbial 25 
agents (Pseudomonas stutzeri and the previously obtained consortium LB2) able to 26 
degrade CP from polluted effluents. This goal was achieved by operating at different lab 27 
scales (flask and bioreactor) and operation modes (batch and fed‐batch). Very low 28 
degradation and biomass levels were detected in cultures performed with the consortium 29 
LB2. In contrast, near complete CP degradation was reached by P. stutzeri at the optimal 30 
conditions in less than one month, showing a depletion rate of 0.054 h
-1
. The scale-up at 31 
bench scale stirred tank bioreactor allowed improving in 10 folds the specific degradation 32 
rate and total CP degradation was obtained after 2 days. Moreover, biomass and 33 
biodegradation profiles were modelled in order to reach a better characterization of the 34 
bioremediation process. 35 
 36 
 37 
Keywords: Bacillus pumilus, biodegradation, chlorpyrifos, consortium LB2, 38 
Pseudomonas stutzeri, Staphylococcus warneri. 39 
40 
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Introduction 41 
Pesticides are used for controlling, repelling, preventing or eradicating pests, and include 42 
not only a wide range of chemical compounds but also, antimicrobial or disinfectant 43 
agents. Therefore, their composition often poses a threat against humans and the 44 
environment [1]. The main groups of pesticides, according to the present active chemical 45 
group are: organochlorines, organophosphates, organosulfur, carbamates, formamidines, 46 
dinitrophenols, pyrethroids, nicotinoids, spiosinas, phenylpyrazole, pyrroles, pyrazoles, 47 
botanical (plant derived) and others [2]. 48 
Nowadays, organophosphate and carbamates pesticides have become the most widely 49 
used insecticides, both of them being less persistent and yet effective. They are 50 
morebiodegradable than the organochlorine counterparts [3]. 51 
Organophosphates compounds (OP) are widely used in agriculture, home and gardens for 52 
plants protection. These classes of pesticides are neurotoxic substances that act on the 53 
central nervous system affecting enzymes crucial for life. Apparently they all share a 54 
common mechanism of inhibition of cholinesterase enzyme (known to act through 55 
phosphorylation of the acetylcholinesterase enzyme at nerve endings) and can be 56 
absorbed by inhalation, ingestion and dermal penetration [3,4]. 57 
Chlorpyrifos (CP), IUPAC name O, O-diethyl O-3 ,5,6-trichloro-2-pyridil 58 
phosphorothioate ester, is a OP agricultural insecticide; with a broad spectrum and one of 59 
the most widely used insecticides in agriculture (specially for controlling pests 60 
throughout the world). As reported Latifi et al. [4], CP is also used as substitute for DDT 61 
to kill mosquitoes, flies, household insects, animal parasites, and head body lice. 62 
Environmental Protection Agency (USEPA) reports that CP represent over 11% of the 63 
total pesticides that were applied in U.S. in 2004 and also suggest that a wide range of 64 
water and terrestrial ecosystems may be contaminated with CP [4,5]. 65 
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The half-life of CP in soil may vary between 10 and 120 days, depending on various 66 
factors such as pH and temperature [6]. Therefore CP is a hardly degradable compound 67 
mainly due to the complexity of its structure. Its toxicity is greatly increased by the 68 
presence of a hydrolysis degradation product, 3,5,6-trichloro-2-pyridinol (TCP), which 69 
has a high half-life time between 65 and 360 days in soil [7-10]. Moreover, TCP shows 70 
greater water solubility than CP, thus their presence causing widespread contamination in 71 
soils and aquatic resources. 72 
In the literature different microbial CP degraders have been reported such as, 73 
Flavobacterieum sp. and Arthrobacter sp., which degrade CP cometabolically [8,11] and 74 
Enterobacter strain [12-14], Alcaligenes faecalis and Klebsiella sp., which degrade and 75 
utilize CP as sole carbon source [15,16]. And most recently, Bacillus pumilus [3], 76 
Pseudomonas aeruginosa, Bacillus cereus, Klebsiella sp, Serratia sp. [8], Synechocystis 77 
sp. [17], Pseudomonas sp., Agrobacterium sp., Bacillus sp. [10], P. vulgaris, 78 
Acinetobacter sp., Flavobacterium sp., P. putida, Bacillus sp., P. aeruginosa, C. freundii, 79 
Stenotrophomonas sp., Proteus sp., Pseudomonas sp. [9] demonstrated their degradation 80 
capacity. 81 
Taking into account the abovementioned, the aim of this study was to determine the 82 
ability of Pseudomonas stutzeri and consortium LB2, isolated from lab waste soils by 83 
means of an enrichment culture technique, to degrade CP from polluted effluents. In 84 
addition, the biodegradation efficiency of the best microbial agent was also evaluated in 85 
bench scale bioreactor by operating at different modes (batch and fed-batch). 86 
 87 
88 
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Materials and methods 89 
Media and chemicals 90 
The minimal medium (MM) was composed of (g/L): Na2HPO4·2H2O 8.5, KH2PO4 3.0, 91 
NaCl 0.5, NH4Cl 1.0, MgSO4·7H2O 0.5, CaCl2 0.0147. MM also contained trace elements 92 
as follows (mg/L): CuSO4 0.4, KI 1.0, MnSO4·H2O 4.0, ZnSO4·7H2O 4.0, H3BO3 5.0, 93 
H2MoO4·2H2O 1.6 and FeCl3·6H2O 2.0 [18]. Solid agar plates were composed of (g/L): 94 
NaCl 3, peptone 10, yeast extract 5 and agar 15. After isolation, the microorganisms were 95 
maintained in PDA plates. 96 
Technical grade Chlorpyrifos (CP) (99%) used in this study was obtained from Sigma 97 
Aldrich (Germany) and its main properties are detailed in Table 1. CP is a white‐98 
crystalline solid with a pungent odour. A stock solution of 1250 ppm was prepared 99 
dissolving CP in acetone. It was further sterilized by filtration through a 0.20‐µm PTFE 100 
filter and added to the autoclaved medium, thus avoiding any possible alteration of the 101 
chemical structure. 102 
Microorganisms 103 
Pseudomonas stutzeri (CECT 930) and the previously obtained consortium LB2 [19] 104 
were selected as candidates to biodegrade CP. Data based on the 16S rRNA sequence of 105 
the consortium LB2, indicated a close match with the sequences of Staphylococcus 106 
warneri (100% homology) and Bacillus pumilus (99% homology).  107 
Biodegradation cultures 108 
i) Flask cultures 109 
Submerged aerobic cultures were prepared in 250-mL Erlenmeyer flasks with 50 mL of a 110 
MM, containing 1% w/v of surfactant Tween 80, and 2% v/v of a stock solution to 111 
achieve CP solubilisation. The flasks were inoculated (3%) with actively growing cells in 112 
exponential phase (24 h), which were then incubated in the darkness for 25 days in an 113 
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orbital shaker at 37.5°C, initial pH 8.0, and 150 rpm. Samples were withdrawn at 114 
different times to monitor CP biodegradation and biomass concentration. All experiments 115 
were carried out in triplicate and the values shown in figures correspond to mean values 116 
with a standard deviation lower than 15%. 117 
ii) Bioreactor cultures 118 
A 5-L stirred tank bioreactor (Biostat B, Braun, Germany), similar to that reported 119 
elsewhere [19], with a working volume of 3 L was used. It was filled with the medium 120 
described above containing 25 ppm of CP. Operational conditions were: temperature was 121 
maintained at 37.5°C by circulation of thermostatted water, and the pH was adjusted to 8. 122 
The bioreactor was inoculated with actively growing cells from 24 h flask cultures (3% 123 
v/v). Humidified air was continuously supplied at 0.17 vvm and samples were regularly 124 
taken during the experimental period. 125 
Analytical Methods 126 
i) Cell growth determination 127 
Turbidimetry at 600 nm was used to ascertain the biomass concentration, and the 128 
obtained-values were converted to grams of cell dry weight per litre using an 129 
experimental calibration curve. 130 
ii) CP measurement 131 
CP concentration in supernatant was analysed by reversed‐phase high performance liquid 132 
chromatography (HPLC) equipped with an XDB-C8 reverse-phase column (150×4.6 mm 133 
i.d., 5 µm). The HPLC system was an Agilent 1100 equipped with a quaternary pump and 134 
photodiode array UV/Vis detector (290 nm). Prior to injection, the samples were filtered 135 
through a 0.45-µ Teflon filter. The injection volume was set at 5 µl, and the isocratic 136 
eluent (25:75 acetonitrile/water) was pumped at a rate of 1 ml min
-1
 for 10 min. 137 
 138 
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Results and discussion 139 
Monitoring biodegradation at flask scale  140 
First of all, the efficiency of selected bioremediation agents, P. stutzeri and consortium 141 
LB2, for CP degradation was ascertained in shake flask cultures. Growth of bacterial 142 
isolates in presence of CP at concentration of 25 mg/L is shown in Fig. 1. In a visual 143 
inspection of the results obtained it is clear that the biomass reached maximum values 144 
from day 5 to 18 for P. stutzeri, contrarily to the behaviour found for the consortium 145 
(very low ability to use CP as sole carbon source). In parallel, pH values were monitored 146 
during all the experiments, but insignificant changes were detected for the consortium 147 
(from 7.8 to 7.4) which allows discarding any possible effect in relation with the 148 
acidification and growth inhibition.  149 
A variety of microbial growth and biodegradation kinetic models have been developed, 150 
proposed and used by many researchers. Such models allow the calculation of the time 151 
required to reduce a contaminant to a certain concentration, and to predict the amount of 152 
produced biomass. Based in our previous investigations [20, 21], in this particular case, 153 
all the experimental data were fitted to the logistic model. The values of the parameters 154 
presented in Table 2 and depicted in Fig. 1 confirm that the logistic model fits well to the 155 
experimental data (R
2
> 0.98). 156 
From the data depicted in Fig. 1, it becomes patent the ability of P. stutzeri to metabolize 157 
CP, contrarily to the behaviour found for consortium LB2. Moreover, the insecticide was 158 
effectively degraded (almost 100%) in less than one month, showing a depletion rate of 159 
0.054 h‐
1
. These results are similar to the values reported by Vidya‐Lakshmi et al. [8] 160 
when studied CP biodegradation by Pseudomonas aeruginosa, Bacillus cereus, Klebsiella 161 
sp., and Serratia marscecens isolated from pesticide‐contaminated soils. Besides, these 162 
levels are much higher than those reported by Seo et al.[22] when tested different strains 163 
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(Arthrobacter sp., Burkholderia sp., Mycobacterium sp.) as organophosphate pesticides 164 
degraders. 165 
In contrast, cultures carried out with consortium LB2 showed low degradation levels, in 166 
parallel with the very low biomass concentrations for the same period of incubation. This 167 
could mean that an inhibitory effect may be occurring due to the increased toxicity of an 168 
intermediate degradation compound such as TCP (3, 5, 6‐trichloro‐2‐pyridinol), in 169 
agreement with the findings reported by Caceres et al. [23] and Pino et al. [9], who 170 
demonstrated an accumulation of TCP as a responsible for the high toxicity, antimicrobial 171 
properties and high solubility in water. Moreover, consortium LB2 only reached 24% of 172 
CP removal, for the biodegradation assay period. These results suggest that there was an 173 
inhibition of the degradation of the pesticide by the consortium. 174 
In summary, P. stutzeri can be considered a promising bioremediation agent, in line with 175 
data reported by Maya et al. [10] who studied a diverse group of bacteria involved in the 176 
CP degradation and proposed a much higher degradation ability of Pseudomonas genus 177 
than Bacillus. 178 
Monitoring biodegradation at bench scale stirred tank bioreactor  179 
Based on the promising results obtained at flask scale for the bacteria P. stutzeri, a 180 
biodegradation process of a CP‐containing effluent in a 5L‐ stirred tank bioreactor (STB) 181 
was implemented for the first time, in order to validate the efficiency of the selected 182 
microorganism. 183 
The results obtained at the bioreactor scale and the kinetic parameters defining the 184 
microbiological process for P. stutzeri are shown in Fig. 2 and Table 2, respectively. It is 185 
outstanding that the levels of CP degradation reached were much higher than those 186 
obtained at 250mL‐flasks, and the operation in this kind of bioreactor allows reducing the 187 
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treatment time in more than 12‐folds. The data presented in Fig. 2 evidence a strong 188 
relationship between cell growth and biodegradation, which was confirmed by modelling 189 
the process data with the Luedeking and Piret equations, in the form presented by 190 
Marques et al.[24]. 191 
 
192 
This algorithm allows defining the CP degradation efficiency as a function of the growth 193 
rate (m = 0), a function of the biomass (n = 0) or a function of both parameters (m ≠ 0 194 
and n ≠ 0). The model is suitable for describing the degradation response by P. stutzeri, 195 
as can be concluded from the adequate regression coefficients obtained (>0.96) and the 196 
parameter values were m = 239.33 and n = 11.18. Thus, a strong dependence of pesticide 197 
degradation on the biomass growth is observed, since the biomass‐related parameter “m” 198 
is 200-fold higher than “n”. 199 
In addition, from the data listed in Table 2, it seems clear that the specific growth rate 200 
levels were much higher than those obtained at small scale (0.152 vs 0.099 h‐
1
). With 201 
regard to the degradation parameters obtained by P. stutzeri, it seems clear that the 202 
maximum levels reached were quite different. Additionally, it is important to highlight 203 
that abiotic degradation was negligible throughout all studies. 204 
Thus, while the overall CP biotransformation at flask scale was only 88% in 8 days, just 2 205 
days were required to yield complete insecticide degradation in stirred tank bioreactor. In 206 
addition, the scale-up allowed a 10times improvement of the specific degradation rate 207 
(0.5 vs 0.05 h‐
1
). 208 
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This finding is very advantageous in terms of bioprocess efficiency, and confirms the 209 
suitability of this kind of bioreactor to ease the mass transfer of oxygen and contaminants 210 
to the microbial surface [25]. Moreover the results obtained by P. stutzeri are 211 
advantageous when compared with other research works involving CP degradation. 212 
Mathava and Ligy [26] studied the endosulfan degradation by a mixed bacterial culture 213 
(Staphylococcus sp., Bacillus circulans) and determined a maximum endosulfan 214 
degradation efficiency of 87% after 56 days of treatment in a bench scale reactor. 215 
Venkata‐Mohan et al.[27] reported a CP‐degradation rate of 36% in 3 days by 216 
Pseudomonas putida isolated from agriculture field soil when operating at the optimized 217 
conditions (pH 7.0, 30°C) in a bioslurry reactor. In previous study, Venkata‐Mohan et al. 218 
[28], obtained a maximum CP degradation efficiency of 91% in 3 days operating in a 219 
similar reactor using native mixed microflora.  220 
The results presented in this work are even better than the data reported by Ghoshdastidar 221 
et al.[29] which reached 98% of CP elimination (in 5 days) using a membrane bioreactor. 222 
 223 
Monitoring biodegradation at stirred tank bioreactor in fed batch mode 224 
Once the high biodegradation ability of P. stutzeri was demonstrated in batch mode at 225 
STB, a fed batch strategy was explored at different insecticide concentrations (25, 50 and 226 
75 mg/L). The results obtained at the fed batch bioreactor scale are plotted in Fig. 3. After 227 
13 days of operation, when CP was totally degraded and cell density reached values 228 
around 0.35 g/L and pH value was 7.6, the CP feeding medium was supplied to initial 229 
concentration of 50 mg/L. After 17 days, the same operation was repeated again at final 230 
concentration of 75 mg/L. Although percentages of CP degraded decreased from 100% to 231 
88% after the first addition and to 35% in the second, it was detected that the rate of CP 232 
degradation increased from 0.5 (1
st
 batch) to 0.78 h‐
1
 (3
rd 
batch).  233 
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Therefore, this experiment confirms the great ability of bacteria P. stutzeri for industrial 234 
applications. It is remarkable that the system was able to operate in fed batch mode to 235 
treat different amounts of pesticide without operational problems and reaching high CP 236 
degradation percentages in short times. 237 
Conclusions 238 
In view of the results obtained in the present paper, it can be concluded the potential of P. 239 
stutzeri strain in the degradation of OP‐based insecticide. The results obtained 240 
demonstrated that: 241 
− P. stutzeri efficiently metabolize CP at flask scale: insecticide was degraded 242 
(almost 100%) in less than one month, showing a depletion rate of 0.054 h‐
1
. 243 
− The scale-up allowed improving in 10 fold the specific degradation rate (0.5 vs 244 
0.05 h‐
1
). 245 
− Stirred tank bioreactor (STB) is a suitable configuration to implement the 246 
bioremediation of agroindustrial‐polluted effluents. 247 
− Modelling allows concluding a strong dependency between the pesticide 248 
degradation process and biomass growth at STB scale. 249 
− Great ability of bacteria P. stutzeri for industrial applications since the system was 250 
able to operate in fed‐batch mode to treat different amounts of pesticide for 1 251 
month. 252 
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Figures and Tables captions 341 
 342 
Fig. 1. a) Growth and b) CP degradation by P. stutzeri (●) and consortium LB2 (▲) at 343 
flask scale. Experimental data are represented by symbols and logistic model by solid 344 
lines. 345 
Fig. 2. Biomass concentration (●) and CP degradation profiles (o) of P. stutzeri at STB. 346 
Experimental data are represented by symbols and logistic model by solid lines.  347 
Fig. 3. Degradation profiles of CP operating in a STB in fed batch mode. 348 
 349 
Table 1. Main physical and chemical properties of CP. 350 
Table 2. Growth and CP biodegradation kinetic parameters defining the logistic model in 351 
flask and bioreactor scale (STB). 352 
 353 
 354 
355 
Page 16 of 21Bioprocess and Biosystems Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
FIGURE 1 356 
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FIGURE 2 362 
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FIGURE 3 366 
 367 
 368 
369 
Time (days)
0 5 10 15 20 25 30
C
P
 D
eg
ra
d
at
io
n
 (
%
)
0
20
40
60
80
100
25 mg/L 50 mg/L 75 mg/L
Page 19 of 21 Bioprocess and Biosystems Engineering
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 370 
TABLE 1 371 
 372 
 373 
*Vapor pressure and Solubility in water at 25°C  374 
375 
Compound Structure M.F. M.W. 
Pv*  
(MPa) 
M.P. 
(°C) 
Solubility* 
(mg/L) 
Chlorpyrifos 
 
C9H11Cl3NO3PS 350.59 2.49 43 1.39 
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TABLE 2 376 
 377 
 378 
 379 
 380 
 381 
 382 
Experiment Biomass parameters Degradation parameters 
Scale Microbial agent X0 (g/L) Xmax (g/L) µ ( h-1) R
2
 D0 (%) Dmax(%) µD (h
-1
) R
2
 
Flask P. stutzeri 0.012 0.609 0.099 0.99 0.163 92.538 0.053 0.99 
 consortium LB2 0.001 0.062 0.210 0.99 0.083 23.538 0.049 0.98 
STB P. stutzeri 0.011 0.420 0.152 0.99 0.022 99.721 0.500 0.97 
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